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Chemical modification of chitin and chitosan was investigated under homogeneous 
conditions. Anticoagulation activity of the obtained chitin and chitosan derivatives 
were investigated. 
 
A homogeneous synthetic method via SN2 reaction was established for chitin to 
prepare C-6 substituted chitin derivatives.  Tosyl-chitin was used as the active 
intermediate, while sodium salts of ethyl hydroxybenzoate, diethylmalonate and 
diethylphosphite were applied as nucleophiles.  Three chitin derivatives that showed 
good solubility or swellability in DMSO or dimethyl acetamide (DMAc) were 
obtained.  Subsequent hydrolysis of the chitin-ester derivatives with tert-butoxide in 
DMSO generated 6-O-carboxyphenyl-chitin and 6-deoxy-di(carboxy)methyl-chitin, 
which showed good water solubility.  
 
A homogeneous synthetic method was established to prepare sulfated-chitins.  Sulfur 
trioxide-pyridine complex was used as the sulfating reagent, while 5% of Lithium 
chloride/Dimethyl acetamide (LiCl/DMAc) was used as the reaction solvent system.  
6-O-sulfated-chitins and 3, 6-O-disulfated-chitins with different degrees of 
substitution were obtained. The reaction temperature proved critical for controlling 
the regio-selectivity of the sulfation. The anticoagulation property of sulfated-chitins 
was evaluated by activated partial thromboplastin time (APTT), thrombin time (TT) 
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and prothrombin time (PT) assays.  The degree of sulfation (D.S.) closely correlated 
to the anticoagulation activity of sulfated-chitins, the higher the D.S., the higher the 
anticoagulation activity. The high anticoagulation activity of 3, 6-O-disulfated-chitin 
was attributed to the presence of the 3, 6-O-sulfate groups (36S) on the sugar ring. 
 
A novel chitosan-based photocrosslinable anticoagulant was synthesized via the 
itaconylation of sulfated-chitosan. Swelling ability, enzymatic degradation and 
anticoagulation activity of the hydrogel was investigated.  Fully sulfated-chitosan 
was prepared in DMAc by using sulfur-trioxide-pyridine complex as sulfating reagent.  
The subsequent itaconylation of sulfated-chitosan was conducted in 1:1 
methanol/water solution. The anticoagulation activity of itaconyl-sulfated-chitosan 
increased markedly compared to that of sulfated-chitosan. The increased 
anticoagulation activity was attributed to the introduction of the carboxylic group, 
verified with succinyl and glutaryl sulfated-chitosan.  The subsequent 
photocrosslinking of itaconyl-sulfated-chitosan yielded the corresponding 
anticoagulant hydrogel.  The itaconyl-sulfated-chitosan hydrogel showed an extent 
of anticoagulation activity with respect to APTT and TT, which was attributed to the 
antithrombogenic nature of the hydrogel. 
 
In conclusion, chemical derivatization of chitin and chitosan under homogeneous 
conditions have been investigated. The resulting sulfated-chitin and chitosan 
derivatives have great potential as anticoagulant and blood-contact materials.  
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Chapter 1 Chitin, Chitosan and their chemical 
modifications 
 
1.1 General Introduction to Chitin and Chitosan 
Chitin is a nitrogen-containing polysaccharide present in animals, particularly in the 
shells of crustaceans, mollusks and insects where it is an important constituent of their 
exoskeleton. Chitin is also found in plants such as algae and in the cell walls of many 
fungi. Commercial chitin is mainly isolated from shells of crabs and shrimps that are 
waste products of the sea food industry. The isolation of chitin from shells and fungi 












Figure 1.1 Separation and isolation of chitin from shells and fungi [1] 
Shells 
Wash and Crushed 
Demineralize with HCl 
Deproteinate with NaOH 
Raw Chitin 
Fungi 
Harvest, wash and dry 
Pulverize and treat with NaOH 
Extract with LiCl/DMAc 
Precipitate, collect and dry 
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1.1.1 Chemical structure 
An ideal chitin structure is composed of repeating units of N-acetyl-D-glucosamine.  
However, free amino groups are also present in the natural chitin material obtained 
after isolation processes.  Chitin is really a co-polymer of N-acetyl-D-glucosamine 
and glucosamine (Figure 1.2).  When the percentage of N-acetyl-glucosamine unit in 





(Chitin: x>50%; Chitosan: x<50%) 
Figure 1.2 Chemical structures of chitin and chitosan 
 
The structure of chitin is similar to cellulose, except that the C2-hydroxyl group of 
cellulose is replaced by an acetamide group in chitin (contrast Figure 1.2 to Figure 
1.3).  This similarity in structure is reflected by their similar roles in nature, both 
acting as structural materials [2].  The presence of amino and acetamide groups in the 
chitin structure could be the basis for many additional substitution reactions that make 

























Figure 1.3 Structure of cellulose 
 
1.1.2 Degree of N-acetylation (D.A.) 
The D.A. is defined as the percent of N-acetyl-D-glucosamine unit in the chitin 
polymer chain.  The D.A. of commercial chitin depends on the origin of the shells 
and the isolation method.  Most commercial chitin has a D.A. ranging between 85% 
and 95%.  
 
Many methods have been developed to determine the D.A. because of its great 
influence on the physical and chemical properties of the chitin material.  Elemental 
analysis (E.A.) is the most fundamental and widely used method although the results 
are generally not precise due to the large molecular weight and contamination of 
chitin with by-products and moisture [3].  Infrared (IR) spectroscopy is another 
widely studied technique for D.A. determination that is comparatively fast and 
sensitive compared with other methods.  Many baselines and absorbance bands have 
been proposed [4-6].  The use of nuclear magnetic resonance (NMR) has become 
more and more important in the estimation of D.A. due to its good precision, 
reproducibility and robustness compared with other methods.  1H [7], 13C [3, 8] and 15N 
[9]
 NMR have all been reported for the determination of the D.A. of chitin.  Other 
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methods to determine D.A. include UV [10], circular dichroism (CD) [11], titration [12] 
and HPLC [13].  
1.1.3 Physical structure and solubility of chitin 
Chitin is known to have three polymorphic forms designated as α-, β- and γ- chitin.  
α-chitin is the most abundant form and in one crystalline unit cell, α-chitin contains 
two anti-parallel chains in a P212121 symmetry (Figure 1.4a) [14].  Unlike α-chitin, the 
unit cell of β-chitin adopts a P21 symmetry (Figure 1.4b) [15]. γ- Chitin has been the 
least studied but is believed to be a mixture of α-chitin and β-chitin [16].  α-Chitin is 
the most stable of the three forms.  β-Chitin can be converted to α-chitin via acid 







Figure 1.4 The physical structure of chitin proposed by Blackwell et al. [15, 16]:  
(a) α-chitin (b) β-chitin 
 
α-Chitin is not soluble in common solvents due to the strong inter and intra hydrogen 





systems, α-chitin displays some degree of solubility.  Concentrated HCl, H2SO4 and 
H3PO4 were first employed to dissolve α-chitin with accompanying depolymerization 
[20]
.  The wider application of these mineral acids has been limited not only by the 
harsh dissolution procedure but the incompatibility of mineral acids with potential 
reactants.  The non-degradative solubilization of α-chitin in 5% LiCl-N, 
N-dimethylacetamide (DMAc) solvent system was first reported by Austin et al. [21] 
and this system has been used as the standard chitin solvent in recent years [22-24]. 
 
Different from the intractability of α-chitin, β-chitin shows considerable affinity with 
some common solvents.  For example, β-chitin can be swollen markedly in water 
and the unit cell expanded along the b direction from 0.917 nm to 1.12 nm upon 
hydration [18].  β-chitin can also be intercalated by linear alcohols and the typical 
values for the b expansion range from 1.31 nm for methanol to 1.97 nm for octanol [19].  
Little is known about the solubility of γ- chitin. 
 
1.2 The Application of Chitin and Chitosan  
Chitin has traditionally been considered primarily a structural material and has been 
less important than other functional natural polymers such as proteins and nucleic 
acids [25].  However, with a better understanding of its biological and physiological 
properties in recent years, the role of chitin is becoming more important and the study 
of its application is of great interest [26].  The application of chitin, chitosan and their 
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derivatives covers many fields such as pharmaceutical, biomedical and food 
industries.  
 
Table 1.1 summarizes the current reported application of chitin and its derivatives.  
Compared with the limited study of direct application of unmodified chitin material, 
much attention has been put into the more soluble chitin derivatives, such as chitosan 
and carboxymethyl-chitin. 
 
Table 1.1 Applications of chitin and chitosan 
 
Potential uses Examples 
Water 
Engineering 
Chelating agent of: Heavy Metal Ions [27-30] 
Dye [31-35] 
Protein and Peptide [36-39] 
Food Industry Preservative [40, 41] 
Nutritional Additive [42-44] 
Medical Anticoagulant [45-64] 
Drug delivery [65-68] 
Wound dressing [69-71] 
Bone repairing [72-75] 
Contact lenses [76, 77] 
Biotechnology Enzyme Immobilization [78-82] 
Cell Recovery and separation [83, 84] 
Chromatography [85-89] 
Cell Immobilization [90, 91] 
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Agriculture Seed Coating [92, 93] 
Fertilizer and controlled agrochemical Release [94, 95] 
Cosmetics [96] Moisturizer 
Face, hand and body creams 
Bath lotion 
Pulp and Paper Surface treatment [97, 98] 
Photographic paper 
Membrane Permeability Control [99-101] 
Reverse Osmosis [102, 103] 
 
1.3 Overview of the Chemical Derivatization of Chitin and Chitosan 
Although chitin is regarded as a promising material for use in the biomedical field, its 
application has been rather slow.  The main reason is attributed to its intractability.  
In particular, poor solubility in common solvents limits the further utilization of chitin.  
To improve the solubilization and endow the material with novel properties, a lot of 
effort has been placed on the chemical modification at the C6, C3 and N2 positions of 
chitin since the 1950s (refer to Figure 1.2).  
 
1.3.1 Hydrolysis of chitin 
Chitin can be either partially or completely hydrolyzed via chemical or enzymatic 
methods. Partial hydrolysis produces chitooligosaccharides.  N-acetyl-glucosamine 
and glucosamine monomers are obtained upon complete hydrolysis.  
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Many mineral acids have been utilized for chitin hydrolysis and hydrochloric acid has 
been most commonly used [104, 105].  Chitooligosaccharides with different molecular 
weights and polydispersities have been obtained under various conditions [106, 107].  
N-deacetylation was observed during hydrolysis.  However, the ratio of chain 
scission was approximately ten times the rate of N-deacetylation.  Different from 
HCl, hydrolysis of chitin by H2SO4 was found to be accompanied by O, N-sulfation [20] 
with no N-deacetylation being observed.  
 
The chitin chain is also susceptible to alkaline degradation.  It has always been 
observed in the preparation of alkaline chitin or the transformation of chitin to 
chitosan.  Several methods were proposed to prevent degradation, including the use 
of oxygen scavengers [108] and inert atmosphere [109].  
 
The enzymatic degradation of chitin is much more attractive than chemical methods 
because of the special merits of enzymatic reactions, e.g. high selectivity and 
controllability, limited pollution and hazards.  The best studied enzymes for 
biodegradation of chitin have been chitinases isolated and purified from many sources 
[110-113]
.  Enzyme cleavage generally occurs randomly at internal locations of the 
polymer chain with oligochitosaccharides as the main products.  Compared to 
chemical degradation, enzymatic biodegradation of chitin is more suitable for the 
production of chitooligosaccharides with a low degree of polymerization.  
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1.3.2 N-deacetylation of chitin to chitosan 
Acetamide groups in N-acetyl-glucosamine units can be deacetylated to free amino 
groups by alkaline treatment.  When the amino group predominates in the polymer 
chain, the chitin is regarded as chitosan.  While chitosan can be recovered from the 
















Scheme 1.1 N-deacetylation of chitin to chitosan 
 
The deacetylation of chitin with aqueous alkali has been the most commonly used 
method (scheme 1.1).  The degree of deacetylation of the resulting chitosan was 
greatly affected by the alkali concentration, the temperature and time of reaction and 
even the particle size of chitin material.  Under appropriate conditions, the degree of 
deacetylation can be up to 95% [26].  To maintain the molecular weight of chitin 
material, exclusion of air from the reaction in the presence of an inert gas atmosphere 
(e.g. nitrogen or argon) is a common protective measure.  
 
One application of N-deacetylation was the preparation of water soluble chitin.  
Sannan et al [115,116] studied the controlled N-deacetylation of chitin with aqueous 
alkali and the resultant chitin material became water soluble when the degree of 
acetylation was about 50%.  It was suggested that the water solubility resulted from 
 19 
the random distribution of acetyl groups disrupting the strong inter/intra chain 
hydrogen bonding. 
1.3.3 Alkali chitin and its application 
Alkali chitin has been widely used as the pre-activated substrate in the chemical 
modification of chitin, a process originated from alkali-cellulose.  To improve the 
penetration of NaOH into the chitin micelles, reduced pressure and freeze steeping 
were applied [117, 118].  Alkali chitin acts as the nucleophilic agent that readily reacts 
with a wide variety of electrophiles via the SN2 reaction mechanism (Scheme 1.2).  
Although the majority of the reactions take place at the C6 position, the free amino 
groups present were also susceptible to modification.  Reactions are rarely observed 









Scheme 1.2 Chemical modification of chitin via alkali chitin as precursor 




















































preparation of carboxymethyl-cellulose (CM-cellulose).  Similar with the 
preparation of CM-cellulose, chitin was activated by alkaline treatment.  The typical 
procedure of preparing CM-chitin involves two stages: 1) Preparation of the 
alkali-chitin slurry 2) Reaction of the alkali chitin with chloroacetic acid.  The use of 
isopropanol improved the carboxymethylation reaction [119] although partial 
N-deacetylation was an unavoidable consequence.  The biodegradability of 
CM-Chitin was significantly greater than chitin and is attributed to the high degree of 
substitution [127].  
 
Hirano et al [124] studied the reaction of alkali chitin with carbon disulfide and the 
resulting sodium chitin xanthate was used in the preparation of chitin fibers, films and 
sponges.  The reaction of alkali chitin with ethylene oxide yielded glycol chitin [125] 
that was used as the substrate in the investigation of chitinolytic enzymes due to its 
good water solubility.  (Diethylamino)ethylation of chitin was also achieved by the 
reaction of alkali chitin with (diethylamino)ethyl chloride either in aqueous solutions 
or organic solvent [126].  Phase transfer catalysts were used to enhance the reaction 
efficiency in organic solvents. 
 
1.3.4 Tosylation and derivatization via tosyl-chitin 
One of the most important chitin derivatives is tosyl-chitin.  The synthesis of 
tosyl-chitin was first reported by Kurita et al [123] in 1991.  Since then, a series of 
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reactions were carried out using this active intermediate.  The degree of substitution 
of the tosylation reaction was closely correlated with the concentration of 
tosyl-chloride and complete substitution was obtained with a 20 fold of tosyl-chloride.  
Tosyl chitin was found to be hydrophilic when the D.S. was less than 0.3 but became 
hydrophobic and soluble in polar organic solvents when the D.S. was above 0.4.  
N-deacetylation was observed during the reaction due to the use of strong base.  To 
make the structure of tosyl-chitin well defined, the residue of free amino group was 
converted to acetamide by acetic anhydride.  
 
The tosyl group is known as a good “leaving group” in organic chemistry and is 
readily substituted by various nucleophiles. The solubility of tosyl-chitin in polar 
organic solvents (e.g. DMSO) makes it attractive as a precursor for further 



































Scheme 1.3 Reaction of tosyl-chitin with nucleophilic reagents 
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Reactions of tosyl-chitin with sodium iodide [122], sodium borohydride [123] and 
potassium thioacetate [128] gave iodo-chitin, 6-deoxy-chitin and mercapto-chitin 
respectively (scheme 1.3).  Iodination of tosyl-chitin was achieved by sodium iodide 
in DMSO.  Although replacement was not complete at 60oC, reaction below 80oC 
for 24h showed little residue of sulfur, confirmed qualitatively and quantitatively.  
The resulting iodo-chitin was further graft-polymerized with styrene either via 
cationic or radical activation (Scheme 1.4) and the resulting graft polymers based on 
chitin showed good solubility or swellability [129].  
 
Complete reduction of tosyl-chitin to 6-deoxy-chitin was accomplished below 80oC 
for 5h confirmed by the absence of sulfur.  Mercapto-chitin was prepared in a 
two-step reaction.  Tosyl-chitin was first converted to thioacetyl-chitin and the 
S-acetyl group was removed with alkali treatment to yield mercapto chitin.  Similar 
to iodo-chitin, mercapto-chitin was graft copolymerized with styrene [130] and the 




































Scheme 1.4 Graft polymerization of iodo-chitin via cationic and radical process 
The preparation of tosyl-chitin in 5% LiCl/DMAc solvent system has also been 
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reported by Morita et al [131].  Low temperature conditions were necessary for 
regio-selectivity and to exclude the side reaction of chlorination.  The tosyl-chitin 
was reacted with thio-cyanato group at 80oC and the resulting 
6-deoxy-(thiocyanato)-chitin was found to have a high degree of substitution. It is 
noteworthy that N-deacetylation under homogeneous conditions was minimal and the 
tosyl-chitin obtained was not subjected to an extra step of N-acetylation. 
 
The synthesis of tosyl-chitin provides an important pathway to explore the 
derivatization of chitin under homogeneous and mild conditions.  The better 
homogeneity and controllability makes it preferable over conventional heterogeneous 
methods. 
 
1.4 Sulfation of Chitin 
Among all the chemical modification of polysaccharides, sulfation is the most 
attractive and best studied because the resulting sulfated polysaccharides 
demonstrated versatile biological properties, such as anticoagulation activity and 
inhibition of HIV-1 infection [53, 60].  The earliest attempts to prepare sulfated-chitin 
were made during the 1940s and over the following several decades, many efforts 
were put into the preparation of sulfated-chitin/chitosan derivatives under various 
reaction conditions.  Table 1.2 summarizes the historical profile of the sulfation of 
chitin and chitosan 
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A series of papers regarding the sulfation of chitin and chitosan were published during 
the 1950s. Doczi et al [45] prepared sulfated-chitosan and proved that N-sulfation was 
essential for the anticoagulation effect of sulfated-chitosan although there was no 
description of the preparation method.  Wolfrom et al [46] reported the sulfation of 
chitosan by the heterogeneous reaction of pyridine-swollen chitosan with 
chlorosulfonic acid in pyridine.  The reaction was carried out at 100oC for 1h.  The 
resulting water soluble product contained two N-sulfate and one O-sulfate groups per 
anhydrodisaccharide unit.  
 
Table 1.2 The historical perspective of sulfated-chitin and chitosan 
Year Authors Substrate Sulfating reagent Substitution 
information 
1953 J. Doczi [45] Chitosan N.A. N.A. 
1953 M. L. Wolfrom [46] Chitosan HClSO3.Pyridine N-sulfation 
6-O-sulfation 
1954 I. B. Cushing [47] Chitin HClSO3 O-sulfation, 
D.S.=1.45-1.8 
1954 R. V. Jones [48] Chitin SO3 - pyridine complex 
with, dioxane and DMF 
O-sulfation 
1956 I. B. Cushing [49] Chitosan SO3-SO2 N, O-sulfation, 
D.S.=0.75-3.0 
1959 M. L. Wolfrom [50] Chitosan HClSO3.Pyridine and 
SO3.DMF 
N, O-sulfation 
1971 K. Nagasawa [21] Chitin and 
Chitosan 
H2SO4 N, O-sulfation, 
D.S.=2 
1973 D. Horton [51] Carboxylated 
Chitosan 
HClSO3 N-Sulfation 
1984 R. A. A. Muzarreli[52] N-Carboxymethyl-
chitosan 
SO3.DMF O-sulfation 
1985 S. Hirano [53] Chitin and chitosan SO3.DMF N, O-sulfation, 
1987 S.Tokura [54, 55] 6-O-carbomethyl-c
hitin 
SO3.DMF, SO3.Pyridine N, O-sulfation 
1989 M. Terbojevich [56] Chitosan H2SO4-HClSO3, 6-O-sulfation 
 25 
 
The anticoagulation activity was almost half that of heparin, whereas the toxicity was 
approximately twice that of the heparin.  Cushing et al [47], using chlorosulfonic acid 
as sulfating reagent in dichloroethane as inert solvent, obtaining sulfated-chitin having 
a D.S. of 1.45 to 1.8.  The reaction was carried out at 25oC for 2h and the freshly 
prepared sample had 22-34 IU/mg anticoagulation activity.  Although the color and 
reproducibility of the sulfated-chitin were improved compared to the reactions using 
chlorosulfonic acid-pyridine mixtures, the sulfate derivative had only moderate 
stability in contrast to some other polysaccharides.  There was a gradual fall in pH in 
un-buffered solution owing to the hydrolysis of the sulfate groups that lead to a 
decrease in anticoagulation activity and solution viscosity.  The noticeable chain 
cleavage throughout the duration of the sulfation reaction was considered beneficial 
because the toxicity of products decreased with decreasing molecular weight. 
 
Wolfrom et al [50] prepared sulfated-chitosan using chlorosulfonic acid-pyridine 
mixtures.  The pre-activation of chitosan and the use of purified pyridine proved to 
be important for efficient sulfation. The obtained sulfated-chitosan contained two 
SO3.Pyridine 
1991 S. Hirano [57] Chitin and chitosan SO3.DMF O-sulfation 
1997 K. R. Holme [58] Chitosan SO3.Me3N N-sulfation 
1997 A. Gamzazade [59] Chitosan SO3.DMF, SO3.Pyridine 
HClSO3.DMF,  
N, O-sulfation 
1998 S. Nishimura [60] 6-O-trityl-Chitin 
and chitosan 
SO3.Pyridine N,O-sulfation 
2001 N. N. Drozd [61] Chitosan HClSO3 N, O-sulfation 
2002 P. Vongchan [62] Chitosan HClSO3 N, O-sulfation 
2003 Y. Du [63] N-substituted 
chitosan 
HClSO3 N, O-sulfation 
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N-sulfate and two O-sulfate per anhydrodisaccharide units and the absence of free 
amino group was excluded.  A homogeneous sulfation process using sulfur 
trioxide-DMF complex was also reported in the same paper.  Chitosan was subject to 
the same pre-activation process and the purified chitosan was finally suspended in 
DMF instead of pyridine.  The proposed reaction mechanism is illustrated in Scheme 
1.5.  SO3-DMF complex was attacked by either amino or hydroxyl groups of 
chitosan and the resulting product was found to contain two N-sulfate and two 
















Scheme 1.5 Proposed mechanism for N-sulfation of chitosan with SO3-DMF 
 
Nagasawa et al [21] reported reactions of sulfuric acid with a series of polysaccharides 
including chitin and chitosan.  The treatment of chitin and chitosan with 96% H2SO4 
for 2h at -5oC and 0oC yielded sulfated derivatives having D.S. of 1.2 and 2.0, 
respectively.  N-sulfation was demonstrated in the sulfated-chitosan.  
 
Since the 1970s, the sulfation of chitin/chitosan has become of great interest.  Horton 
and Just [51] described the preparation of the N-sulfated derivative of poly[β 
(1-4)-amino-2-deoxy-D-glucopyranuronic acid] using chlorosulfonic acid-pyridine 
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mixture.  Before N-sulfation, the chitosan was subjected to treatment with perchloric 
acid to protect the amino group while the C6-OH was oxidized with chromium oxide 
(CrO3)-glacial acetic acid.  The resultant product had an anticoagulation activity of 
25.8 IU/mg.  Muzzarelli and his coworkers [52] prepared N-carboxymethyl 
sulfated-chitosan using sulfur trioxide-DMF complex under anhydrous conditions.  
Chitosan was first converted to N-carboxymethyl-chitsoan, followed by reaction with 
SO3-DMF complex in anhydrous DMF at 25oC for 15h.  The resulting 
sulfated-chitosan derivative had a D.S. of 1.0.  The sulfated 
N-carboxymethyl-chitosan was sonicated to reduce its molecular weight.  The low 
molecular weight sulfated-chitosan derivative demonstrated less hemolysis, platelet 
aggregation and adverse phenomena in the cellular structure than the un-sonicated 
material.  Furthermore, inhibition of factor Xa by the binding of 
N-carboxymethyl-chitosan with antithrombin was confirmed.  
 
Terbojevich et al. [56] developed two methods for the selective 6-O-sulfation of 
chitosan.  The first method used 2:1 mixture of 95% H2SO4 and 98% chlorosulfonic 
acid (HClSO3) at 0oC.  Sulfation was shown to take place at the C6-OH by 13C-NMR 
and the D.S. of sulfated-chitosan was 0.95 to 1.0.  Although depolymerization was 
observed commonly in other sulfation reactions using strong acid, the authors claimed 
that their sulfation reaction did not cause concomitant hydrolysis of the polymer chain.  
The second method involved protecting the amino group by forming a complex with 
copper ions and treating the resulting copper-chitosan complex with SO3-pyridine 
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complex in DMF at 25oC for 8 to 48h.  At a molar ratio of sulfating reagent to 
copper-chitosan complex of 6:1, a reaction of 16h at 25oC yielded a product having a 
D.S. of 1 that was selective for the C6 position.  However, at elevated temperatures, 
a product having a D.S. of 1.8 was obtained.  The additional sulfation was reported 
to take place mainly at the C2-NH2 position. 
 
With the wider application of NMR in the 1990s, interest in sulfated-chitin/chitosan 
switched from the study of its biological activity to the investigation of its structural 
features.  Hirano et al [57] confirmed the structures of N-acetyl-disulfated-chitosan 
(D.S. = 2.0), disulfated-chitosan (D.S.=1.7) and N-desulfated sulfated-chitosan 
(D.S.=0.7) by 13C-NMR.  Holme and Perlin [58] studied the selective N-sulfation of 
chitosan having various D.A. using SO3.Me3N complex in alkaline aqueous solution.  
Both 1H and 13C NMR were applied to investigate the structure of N-sulfated 
derivatives.  The degree of substitution was calculated by 1H-NMR at pD 9 rather 
than at neutrality to enhance the separation of H2s (sulfoamino) and H2n (amino).  
Gamzazade et al [59] conducted a series of sulfation reaction by different methods and 
the structural features of sulfated-chitosan were investigated by 13C-NMR.  
Sulfated-chitosans were obtained via four methods including the homogeneous 
sulfation in DMF-DCAA solution using HClSO3, semi-heterogeneous sulfation in 
DMF and N-sulfation at aqueous solution of SO3-pyridine complex.  However, all of 
the sulfated-chitosans obtained were not mono-substituted but often di-substituted and 
may also have been partially tri-substituted.  Unmodified chitosan units and 
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acetamide groups of chitin increased the complexity of the structures.  
 
1.5 Chitin and Chitosan Based Hydrogels 
Chitin and chitosan based hydrogels are one of the most important applications for 
chitin materials.  A hydrogel is a three dimensional network of hydrophilic polymer 
swollen in water.  Hydrogels can be divided into chemical and physical gels 
depending on the nature of crosslinking.  Chemical hydrogels are those that have 
covalently crosslinked networks.  Physical gels are continuous, disordered 3-D 
networks formed by associative forces capable of forming non-covalent crosslinks [44].  
The physicochemical properties of hydrogels depend not only on the molecular 
structure, the gel structure and the degree of crosslinking, but also on the content and 
state of water in hydrogels [26].  
 
In recent years the study of chitin and chitosan based hydrogels have ignited great 
interest as they have a reputation as non-toxic materials that are generally biologically 
compatible and biodegradable.  Much effort has been expanded into preparing 
chitosan hydrogels via various crosslinkers.  Glutaraldehyde was one of the best 
studied crosslinkers for the preparation of chitosan hydrogels.  Chitosan was linked 
through imine linkages between the amino groups on chitosan and aldehyde groups of 
glutaraldehyde.  The resulting chitosan-glutaraldehyde hydrogels were used as 
biomaterials for the recovery of noble heavy metals and controlled release.  
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Guibal [132] used glutaraldehyde crosslinked chitosan particles for the recovery of 
palladium from waste water.  The sorption of palladium by hydrogel was greatly 
affected by the pH and the maximum uptake capacity was found at pH 2.  The 
sorption kinetics was controlled by particle size, crosslinking ratio and palladium 
concentration.  The mathematical simulation of sorption was obtained by a dual 
model including simultaneous external and intra-particle diffusions.  The uptake of 
palladium in HCl and sulfuric acid media reached 180 mg g-1.  
 
Holl et al [133] reported the chemical modification of chitosan by carboxymethylation 
and amination.  Chitosan and the resulting carboxylated and aminated chitosans were 
crosslinked with glutaraldehyde.  All the samples showed potent affinity for mercury 
ion and the uptake capacity of mercury ion by aminated chitosan-glutaraldehyde 
hydrogels was noticeably higher than two other hydrogels, attributed to the increasing 
ratio of amino groups.  
 
Jayachrishnan et al [134] reported the preparation of chitosan microspheres for 
controlled drug release.  Chitosan solution was first dispersed in organic media 
followed by crosslinking with glutaraldehyde.  Drug release was found to be 
effectively a function of the crosslinking extent.  Only about 25% of the drug was 
released over 36 days from microspheres with high degrees of crosslinking.  In vivo 
experiments were carried out by implantation of microspheres into skeletal muscle of 
rats.  Histological analysis revealed that the microspheres were well tolerated by the 
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animals’ tissue with no significant biodegradation after 3 months of implantation.  
 
In addition to chemical crosslinking, chitosan hydrogels formed through physical 
interaction with other polymers, usually termed an interpenetrating polymer network 
(IPN) have also been reported.  The merits of IPN type hydrogels are their improved 
mechanical properties.  Most hydrogels lack mechanical strength due to their high 
ratio of water content that is improved by mixing chitosan hydrogels with a second 
polymer.  Yao et al. [135] reported the introduction of polyether into 
chitosan-glutaraldehyde forming a semi-interpenetrating network via hydrogen 
bonding interactions.  The swelling ratio of this pH-sensitive hydrogel was highest at 
pH 3 but dropped sharply at a pH above 7, rationalized as the dissociation of the 
network by the neutralization of amino groups.  The swelling property of the 
hydrogel was greatly affected by the concentration of chitosan solution, the ratio of 
crosslinker and polyether. Kim [136] et al. reported the semi-IPN system composed of 
β-chitin and poly(ethylene glycol) macromer.  β-Chitin and PEG macromer were 
pre-dissolved in formic acid and cast as films.  The film was further crosslinked with 
2,2-dimethoxy-2-phenylacetophenone via photoinitiation.  The equilibrium water 
content of the film could be up to 80% by weight of the polymer content.  Most 
noticeably, the tensile strength of the hydrogels reached 2.41 MPa, the highest value 




1.6 Aims and Significance of the Research 
This research was undertaken with three objectives. 
 
1. The objective of the first part of this research was to study the tosylation of chitin 
and the further chemical derivatization of tosyl-chitin under homogeneous 
conditions.  It is this research group’s belief that the chemical reactions of chitin 
under homogeneous conditions is the way forward in developing biomedical 
applications for chitin-based materials.  The results of the tosylation of chitin 
study would contribute to a better understanding of the tosylation mechanism of 
chitin under homogeneous conditions.  In addition, the results of derivatizating 
tosyl-chitin should provide a facile and controllable method for chemical 
functionalization of chitin. 
 
2. The aim of the second part of this research was to investigate the effect of 
sulfation at different positions of the chitin ring on the anticoagulation activity of 
sulfated-chitin under homogenous conditions.  The controlled sulfation at C6 or 
C3 positions in 5% LiCl/DMAc solvent system was studied in detail.  The 
sulfation system was chosen as hitherto results were promising but preliminary.  
It was the goal to study the sulfation process systematically to establish reliable 
and reproducible reaction processes and clearly resolve the structural ambiguity of 
previous work.  Subsequently, the sulfated-chitins would be evaluated for their 
anticoagulation activity.  The results should be important to the understanding of 
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the effect different sulfation positions have on sulfated-chitin’s anticoagulation 
activity.  This would provide a regio-selective method for the preparation of 
sulfated-chitin with controlled anticoagulation activity.  
 
3. The aim of the third part of this research was to develop a new sulfated-chitosan 
containing a photocrosslinkable function with potential anticoagulant property.  
This would be achieved by the itaconylation of sulfated-chitosan followed by 
assays to screen the anticoagulation activity of the derived polymer and hydrogel.  
The undertaking was based on the fact that a sulfated-chitosan would provide the 
anticoagulant activity sought while the photocrosslinkable function would provide 
an internal crosslinking system that would ensure the longer term viability of the 
chitosan-based material in a clinical application. 
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Chapter 2 Preparation of C-6 Substituted Chitin 
Derivatives under Homogeneous Conditions 
 
2.1 Introduction 
Traditional methods to generate a variety of derivatized chitins have mainly used 
strong bases or acids under heterogeneous conditions.  Treatment of chitin with 
concentrated base, typically NaOH, gives alkali-chitin that can act as a nucleophile in 
SN2 reactions with various electrophilic reagents.  A good example is the 
preparation of 6-O-carboxymethyl-chitin.  The resulting chitin derivatives are more 
manageable in terms of their solubility and therefore utility, and have found 
applications as blood anticoagulants [1-3], coagulants for water treatment [4, 5] and drug 
delivery carriers [6, 7].   
 
There are however, several accompanying disadvantages in the heterogeneous 
reactions of chitin.  First, the likelihood of polymer degradation, second increasing 
the degree of deacetylation and third, poor control of the homogeneity (e.g. degree of 
substitution and molecular weight distribution) of chitin derivatives.  Therefore, 
heterogeneous reactions typically yield limited functionalized chitin derivatives that 
restrict the application of chitin. 
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One of the better studied derivatization reactions known for chitin involved the 
preparation of tosyl-chitin by the inter-facial reaction of chitin with tosyl chloride 
(p-toluenesulfonyl chloride) by Kurita et al.[8]  The good leaving character of the 
tosyl group makes tosyl-chitin useful as an active intermediate for further reactions to 
yield chitin derivatives.  Sodium iodide, sodium borohydride and potassium 
thioacetate were studied as nucleophiles to substitute the tosyl group that yielded 
iodo-chitin, deoxy-chitin and acetylthio-chitin respectively.[8-10]  Morita et al 
reported the preparation of tosyl-chitin in a 5% LiCl/DMAc solvent system to avoid 
the harsh conditions of concentrated NaOH employed by Kurita in his inter-facial 
approach and the subsequent reaction of potassium thio-cyanate with tosyl-chitin.[11]  
Surprisingly, very few follow up studies based on this homogeneous system have 
appeared since Morita’s work and the use of a homogeneous conditions approach for 
the chemical derivatization of chitin via tosyl-chitin has been less explored.  In 
addition, derivatizing reagents used to date all contained simple functionalities giving 
chitin derivatives having properties of little utility.  Therefore the opportunity to 
improve on the present situation and the potential that chemical modification of chitin 
via the tosyl-group under homogeneous conditions can generate new chitin 
derivatives that are useful is particularly attractive. 
 




2.2 Materials and Methods 
N, N-dimethylacetamide (DMAc, Aldrich) and dimethyl sulfoxide (DMSO, Aldrich) 
were of anhydrous grade.  Lithium chloride (Acros) was of analytical grade. 
Triethylamine (distilled and kept in 4Å molecular sieves) and tosyl-chloride were of 
GC grade.  All other chemicals were reagent grade and used without further 
purification.  Chitin powder isolated from crab shells (Sigma, Lot. C7170) was 
purified by stirring in a 5% NaOH aqueous solution for 3 days, recovered with 
deionized water to pH 7 and dried at 50oC.  All low temperature reactions were 
conducted in a SANYO ORBI-SAFE Orbital Incubator. 
 
13C-NMR spectra were recorded at 125.7MHz with a Bruker AMX500 at 300K.  
Metal analysis was manipulated on a Thermal Jarrel Ash Duo Iris Conductively 
Coupled Plasma-optical spectrometer.  Elemental analyses were performed by the 
Microanalytical Laboratory, Department of Chemistry, National University of 
Singapore using a Perkin Elmer Series 2400 C, H, N analyzer.  GPC (Gel 
Permeation Chromatography) was used to estimate the molecular weight distribution 
profile.  The set-up comprised of three Phenomenex® columns in series 
(styrene-divinylbenzene copolymer gel), a Waters HPLC pump type 515, and a 
refractive index detector Waters 410.  Polymer solutions were filtered through 




2.2.1 Preparation of chitin solution (1) and tosyl-chitin (2) 
0.5g of Chitin (equiv. to 2.5 mmol of pyranose unit) and 1.3g of lithium chloride 
(LiCl) dried respectively at 50oC overnight and at 130oC for 4h and cooled, and were 
placed in a 100 ml three-necked flask fitted with rubber septa.  The flask was purged 
with dry oxygen free nitrogen (OFN) and 26 ml of anhydrous DMAc was added via a 
syringe.  The mixture was stirred at room temperature using a magnetic stirrer bar 
until all solids were dissolved.  To the resultant chitin solution, was added Et3N (7.2 
ml, 52mmol) followed by a solution of tosyl chloride (9.53g, 50mmol) in 12 ml 
DMAc.  The reaction flask was transferred to the cold incubator and the reaction was 
allowed to proceed at 8oC for 24h at stirring speed of 250 rpm.  At the end of the 
reaction, the mixture was filtered and the filtrate precipitated into 200 ml acetone, 
washed with 300 ml methanol (100 ml × 3), 100 ml water (25 ml × 4) and 100ml 
acetone.  The resulting product was freeze-dried to give 0.65g white color solid of 
tosyl-chitin. The yield was 86.6%. 
 
Calculated for tosyl-chitin: (C15H19NO7S)0.70(C8H13NO5)0.30•0.2H2O: C, 49.80; H, 
5.57; N, 4.50; S, 7.20. Found: C, 49.01; H, 5.99; N, 4.55; S, 7.26. FT-IR (KBr) ν cm-1: 
3400(OH), 1600 (phenylene), 1660 (amide-1), 1548 (amide-2), 1176(SO2) and 814 
(phenylene). 13C-NMR (DMSO-d6): δ 21.1 (NCOCH3), 22.9 (tosyl-CH3), 54.3(C-2), 
68.6-72.3 (C3, C5 and C6), 79.2 (C4), 100.7 (C1), 125.5, 128.1, 130.2, 137.8 
(benzene ring), 169.5 (NHCO)  
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2.2.2 Sodium ethyl hydroxybenzoate and 6-O-ethylbenzoate chitin (3) 
To a 25 ml three-necked round-bottomed flask attached with a reflux condenser and 
nitrogen inlet, a solution of ethyl hydroxybenzoate (3.1g, ~18mmol) in 10 ml of 
DMAc was added, followed by sodium (0.46g, 20mmol) that had previously been 
washed with dry hexane to remove mineral oil, and allowed to react at 60oC.  After 
the evolution of hydrogen subsided, the reaction solution was transferred dropwise via 
syringe into a tosyl-chitin solution with a degree of substitution (D.S) of 0.66 
(0.5g~1.5mmol tosyl-chitin in 40ml DMAc).  The reaction mixture was stirred at 
60oC for 24h, transferred to a dialyzer assembly and dialyzed against water for 72h.  
The resultant precipitate was washed with 100 ml of deionized water followed by 150 
ml acetone (50 ml × 3) and finally dried in vacuo to give 0.43g of a brown-colored 
material. The yield was 88%.  
 
Calculated for 6-O-ethylbenzoate-chitin: (C17H21O7N)0.66(C8H13NO5)0.34: C, 55.6, H, 
6.07, N, 4.65. Found: C, 54.92; H, 6.22; N: 4.79; S, <0.5. FT-IR (KBr) ν cm-1: 3430 
(OH), 1708 (carbonyl group of –COOEt), 1606 (phenylene), 1655 (amide-1), 1541 
(amide-2) 
 
2.2.3 6-O-Carboxyphenyl-chitin (4) 
Potassium tert-butoxide (0.43g, 3.9mmol) was dissolved in 10 ml of anhydrous DMSO 
and added to 20 ml of 6-O-ethylbenzoate-chitin (D.S.=0.66, 0.40g, ~1.3mmol)/DMSO 
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solution.  0.4 ml of deionized water was added to catalyze the reaction performed at 
ambient for 8h.  The reaction mixture was dialyzed against water for 72h, acidified to 
pH2 and filtered.  The precipitate was freeze-dried to give 0.28g of product. The yield 
was 80% 
 
Calculated for 6-O-carboxyphenyl-chitin: (C15H17NO7)0.66(C8H13NO5)0.34.0.1H2O: C, 
53.66; H, 5.54; N, 4.96; Found: C, 52.84; H, 5.86; N, 5.05; S, <0.5. FT-IR (KBr) ν cm-1: 
3406 (OH), 1706 (carbonyl group of –COOH), 1655 (amide-1), 1541 (amide-2), 1606 
(phenylene) 
 
2.2.4 Sodium diethylmalonate and 6-deoxy-diethylmalonate-chitin (5) 
To a 25 ml three-necked round bottom flask fitted with a reflux condenser and 
nitrogen inlet, 2.7 ml of diethylmalonate (18mmol) and 10 ml of anhydrous DMAc 
were added followed by sodium (0.46g, 20mmol) that had previously been washed 
with dry hexane to remove mineral oil, and allowed to react at 60oC.  After the 
evolution of hydrogen subsided, the reaction solution was transferred dropwise via 
syringe into a tosyl-chitin solution with a D.S. of 0.70 (0.5g~1.5mmol tosyl-chitin /40 
ml DMAc).  The reaction was stirred at 60oC for 24h.  The resultant reaction 
product was filtered and dialyzed against water for 72h.  The precipitate that was 
obtained was washed by acetone and dried to give 0.32g brown-color solid. The yield 
was 74% 
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Calculated for 6-deoxy-diethylmalonate-chitin: (C15H23O8N) 
0.62(C15H19NO7S)0.08(C8H13NO5)0.30: C, 51.03; H, 6.49; N, 4.61; S, 0.84 Found: C, 
51.22; H, 6.63; N, 4.72; S, 0.77. FT-IR (KBr) ν cm-1: 3412 (OH), 1731 (carbonyl 
group of –COOH), 1655 (amide-1), 1541 (amide-2)  
 
2.2.5 6-Deoxy-di(carboxy)methyl-chitin (6) 
0.33g of tert-butoxide (3mmol) was dissolved in 10 ml anhydrous DMSO and added 
to 6-deoxy-diethylmalonate-chitin with a substitution degree of 0.62 (0.30g, 
~1mmol)/30 ml DMSO solution.  0.4 ml of deionized water was added to catalyze 
the reaction carried out at ambient for 16h.  The reaction mixture was dialyzed 
against water for 72h and acidified to a pH value of 2.  The precipitate was filtered 
and dried at 50oC to give 0.12g of a brown-colored product. The yield was 75%.  
 
Calculated for 6-deoxy-di(carboxy)methyl-chitin: (C11H15O8N)0.62(C8H13NO5)0.38: C, 
46.16; H,5.56; N, 5.46 Found: C, 47.12; H, 6.13; N, 6.07; S, <0.5. FT-IR (KBr) ν cm-1: 
3408 (OH), 1655 (amide-1), 1541 (amide-2) 
 
2.2.6 Sodium diethylphosphite and 6-deoxy-diethylphosphite-chitin (7) 
To a 25 ml three-necked round bottom flask fitted with a reflux condenser and 
nitrogen inlet, 2.3 ml of diethylphosphite (18mmol) and 16 ml of anhydrous DMAc 
were added followed by sodium (0.46g, 20mmol) that had previously been washed 
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with dry hexane to remove mineral oil, and allowed to react at 60oC.  After the 
evolution of hydrogen subsided, the reaction solution was transferred dropwise via 
syringe into 40 ml of tosyl-chitin (D.S.=0.70)/DMAc solution (0.5g/40 ml) and 
reaction was allowed to proceed at 60oC for 24h.  The resulting product was filtered 
and dialyzed against water for 72h.  The precipitate was washed by acetone and 
dried to give 0.22g of brown colored product. The yield was 84%.  
Calculated for 6-deoxy-diethylphosphite-chitin: 
(C12H22O7NP)0.60(C15H19NO7S)0.09(C8H13NO5)0.31 C, 45.79; H, 6.55; N, 4.86; S, 0.98; 
Found: C, 45.98; H, 6.65; N, 4.77; S, 0.92; 
  
FT-IR (KBr) ν cm-1: 3412 (OH), 1652 
(amide 1), 1534 (amide 2) 
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2.3 Results and Discussion 
Scheme 2.1 Preparation of chitin derivatives via tosyl-chitin 
 
Three new chitin derivatives have been synthesized via Sn2 nucleophilic reaction onto 
tosyl-chitin under homogeneous conditions.  The preparation of the tosyl-chitin 
intermediate and generation of the nucleophiles under homogeneous conditions are 
important aspects that introduce new chitin derivatives with higher degrees of 
substitution (D.S.). 
 
2.3.1 Degree of Acetylation (D.A.) of Chitin  
The D.A. of chitin used for this study was 97.2%, estimated by 1H-NMR (For details, 





























































on the structure of chitin and its derivatives.  Therefore the purified chitin material 
was used without any further N-acetylation.   
 
2.3.2 Tosylation  
The structure of tosyl-chitin was verified by 13C-NMR, FT-IR spectrum and elemental 
analysis, which were consistent with the report by Kurita et al [8].  The tosylation of 
chitin in 5% of LiCl/DMAc could not be achieved without triethylamine.  The most 
likely reason was attributed to the generation of hydrogen chloride (HCl) during 
tosylation.  It is known that the pyranose units of chitin are connected by ether bonds 
that are vulnerable to acid.  Therefore, tosylation in the absence of triethylamine 
generates an acid environment that gives rise to chitin degradation.  The presence of 
triethylamine acts to neutralize the HCl generated by tosylation as the product of 
neutralization is the salt of Et3N.HCl (structure verified by 1H-NMR and elemental 
analysis) that precipitates out in DMAc and was conveniently eliminated.  
 
The reaction temperature, reaction time and the ratio of tosyl-chloride to chitin were the 
three main parameters that influence the homogeneous C-6-tosylation of chitin.  Two 
reasons favor tosylation under low temperature conditions.  First, low temperatures 
support the control of regio-selectivity by the tosyl group better.  It is well known that 
the C-6 hydroxyl of chitin is more reactive than the C-3 hydroxyl as it is sterically less 
hindered, an effect that is negated as the temperature is increased as both hydroxyls 
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become equally reactive.  Second, although the chloro anion is not a strong 
nucleophile, chlorination may still be induced at higher temperature in the presence of 
the LiCl-DMAc binary solvent system.  To avoid these two disadvantages, all 
tosylation was carried out at 8oC.   
 



































Figure 2.1 FT-IR spectra of chitin and its derivatives (KBr method) (A) chitin, (B) 
Tosyl-chitin, (C) 6-O-ethylbenzoate-chitin, (D) 
6-O-carboxyphenyl-chitin (potassium salt), (E) 6-O-carboxyphenyl-chitin 
(acid form), (F) 6-deoxy-diethylmalonate-chitin, (G) 
6-deoxy-di(carboxy)methyl-chitin, (H) 6-deoxy-diethylphosphite-chitin. 
 
The degree of substitution (D.S.) was determined by the sulfu/nitrogen ratio of 
elemental analysis [8] and found to increase as the reaction time and the ratio of 
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toluenesulfonyl chloride (TsCl) to pyranose unit increased.  Figures 2.2 and 2.3 
present the relationship between D.S. and above two parameters. With 24 h reaction, 5, 
10, 15 and 20 fold of TsCl to chitin unit yielded tosyl-chitin with 0.24, 0.35, 0.42 and 
0.68 of D.S. respectively. For the ratio of 20:1 for TsCl to pyranose, a reaction time of 
72h gave a D.S. above 0.90.  With reaction times of 24h and 48h, the D.S. was 
0.66-0.75 and 0.74-0.88 respectively.  In this work, the tosyl-chitin intermediate that 
was used in subsequent reactions to generate chitin derivatives was based on a reaction 









Figure 2.2 The effect of reaction time on the degree of substitution (D.S.), 20 fold of 



























Figure 2.3 Effect of ratio of tosyl-chloride/pyranose on D.S., 24h, 8oC 
 
Compared with tosylation conducted by Morita et al [11], the D.S. values obtained in this 
study were generally low.  At 8oC, 20:1 ratio of TsCl to chitin unit, 80% of D.S. was 
obtained by Morita only after 4h reaction.  In contrast, only 68% of D.S. was obtained 
in our experiments at the same reaction temperature even after 24h reaction.  The 
careful comparison of two methods revealed that the most possible reason for such 
deviation could be the different workup procedures applied.  In Morita’s method, the 
reaction mixture was poured into cold water and dried directly without further 
purification. In contrast, in our method, the product was precipitated into acetone 
immediately after reaction and washed thoroughly by acetone, methanol and water.  
Tosyl-chloride is not soluble in cold water but readily soluble in acetone.  Therefore, 
tosyl-chloride could be a component of the precipitate with tosyl-chitin giving a higher 
ratio of sulfur to nitrogen that probably accounts for the higher D.S. values in Morita’s 














experiment.  However, the possible effect of different instrumentation and 
experimental conditions of elemental analysis cannot be excluded. 
 
Finally, the comparison of homogeneous versus heterogeneous conditions for 
tosylation has to be addressed.  For heterogeneous reactions, previous work has shown 
that after 4h of reaction time using a 20:1 tosyl-chloride to chitin ratio, a D.S. of 1.01 
was reported with a yield of almost 100% tosyl-chitin.[8] Most noticeably, there was an 
accompanying decrease (10%) in the degree of acetylation.  And there has been no 
known report regarding the effect of the heterogeneous reaction conditions on the 
integrity of the chitin backbone under these harsh reaction conditions, although based 
on anecdotal knowledge, depolymerization would most likely take place.  
 
In the case of our homogeneous reactions, a reaction time of 24h and 20:1 ratio of 
tosyl-chloride to chitin gave a D.S. of around 0.7 with a yield of around 80% that was 
satisfactory for use in subsequent derivatization reactions.  As stated above, a D.S. of 
95% could be obtained with longer reaction times. The molecular weight of chitin was 
estimated to be 241,000 Daltons while the molecular weight of tosyl-chitin from a 
120h reaction was estimated to be 258,000 Daltons, indicating that the homogeneous 
reaction conditions did not have a noticeable impact on the integrity of the chitin 
backbone.  We can conclude that both approaches are comparable in their tosylation 
efficiency but the heterogeneous method conditions will have possible detrimental 
effects on the polymer chain integrity. 
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2.3.3 Chitin derivatives  
Nucleophiles having differing functional groups as potential substituent substrates are 
ideal to generate chitin derivatives.  To date, only 4 nucleophiles have been reported.  
They are sodium iodide, sodium borohydride, potassium thioacetate and potassium 
thiocyanate.  Their simple structures prevent the further application of these 
derivatives.  Therefore, more functionally versatile nucleophiles are worthy of study.  
To this end, the sodium salts of ethylhydroxybenzoate, diethylmalonate and 
diethylphosphite were prepared from their corresponding esters in this study. 
 
2.3.3.1 6-O-ethylbenzoate-chitin (3) 
The first product of derivatization between tosyl-chitin and sodium salt of ethyl 
p-hydroxybenzoate is the ester form of the chitin derivative, 6-O-ethylbenzoate-chitin.  
The ester group of the 6-ethylbenzoate performs a protecting group function during the 
coupling reaction of tosyl-chitin and sodium salt of ethyl p-hydroxybenzoate and being 
hydrophobic, improved the solubility of 6-ethylbenzoate sodium salt in DMAc that was 
essential for a homogeneously efficient SN2 reaction.  Subsequent cleavage of this 
ester group introduced the anionic character on chitin, anticipated to render the 
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Figure 2.4 13C-NMR spectrum of 6-O-ethylbenzoate-chitin (3) in DMSO-d6 
 
The reaction temperature in preparing sodium ethyl p-hydroxybenzoate was found to 
be critical, and at 60oC, the reaction was complete within 30min.  The structural 
characterization of the resulting 6-O-ethylbenzoate-chitin was mainly accomplished 
by 13C-NMR. The serious overlapping of proton signals in 1H-NMR makes it less 
valuable and therefore not suitable for this study. Table 2.1 and Figure 2.4 compiles 
the 13C-NMR (DMSO-d6) results where four peaks (7, 8, 9, 10) at 162, 130, 122 and 
114 ppm were assigned to the benzene ring; two peaks (12, 13) at 60 and 14 ppm to 
the ethyl group; and finally, peak (11) at 165 ppm the carbonyl group; all peak 
positions consistent with ethyl hydroxybenzoate ester. NMR peaks attributed to the 
chitin skeleton (1; 2; 3, 5, 6; 4, 14, 15) were at 98, 52, 69-72, 77, 168 and 22ppm.  
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The resulting 6-O-ethylbenzoate-chitin was found to be readily soluble in DMAc or 
DMSO.   
 
Table 2.1 Summary of 13C chemical shifts (ppm) of chitin derivatives 
Cpd 3 4 5 6 
C-1 98 98 98 98 
C-2 52 53 52 53 
C-3,5,6 69-72 69-72 69-72 69-71 
C-4 77 74 76 74 
C-7 162 160 − 44 
C-8 130 131 166 173 
C-9 122 129 60 174 
C-10 114 114 13 22 
C-11 165 173 168 − 
C-12 60 174 22 − 
C-13 14 22 − − 
C14,15 168, 22 − − − 
 
 
Further supporting evidence for having synthesized 6-O-ethylbenzoate-chitin was 
found in the FT-IR spectra (Figure 2.1, C) where peaks due to the carbonyl group and 
benzene ring were obtained at 1708 and 1605 cm-1 respectively as well as the absence 

































































2.3.3.2 Optimizing the tosyl-chitin/ nucleophile reaction for high D.S. 
The efficiency of the 6-O-ethylbenzoate-chitin SN2 reaction was evaluated to obtain 
an idea of the reaction parameters that influence the degree of substitution (D.S.).  
The optimized conditions would be used for all subsequent coupling reactions.  The 
D.S. could be affected by three parameters: the reaction time, the ratio of nucleophile 
to tosyl-chitin and the reaction temperature.  To achieve a high D.S. as well as 




































Scheme 2.2 Estimation of the degree of substitution in the conversion of 
tosyl-chitin to 6-O-ethylbenzoate-chitin 
 
The relationship between the other two parameters with D.S. was obtained by 
elemental analysis by estimating the molar ratio of the O-ethylbenzoate group to the 
tosyl group represented as L/Mini in Scheme 2.2.  The chitin unit (N) was constant 





D.S.=L/Mini = (Mini. – Mfin.)/Mini.  
Mini=Initial molecular percent of tosyl-chitin fragment  
Mfin=final molecular percent of tosyl-group residue  
(The value of Mini and Mfin are from elemental analysis results) 
 














3 7.12 1.20 67 11 83 
7 7.18 0.86 69 9 87 
12 7.15 <0.5 68 <4.7 >94 
Sodium diethylmalonate:tosyl-chitin 
3 7.20 1.50 70 16 78 
7 7.26 0.98 72 10 86 
12 7.15 0.77 68 7 90 
Sodium diethylphosphite:tosyl-chitin 
3 7.14 1.9 68 20 70 
7 7.06 1.2 65 12 81 
12 7.16 0.92 69 9 87 
a. Reactions conducted at 60oC for 24h 
 
The results in Table 2.2 clearly indicate that the higher the nucleophile concentration, 
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the higher the corresponding D.S. obtained. The highest D.S. could reach up to 94% 
under the optimized conditions.  Similarly, the data in Table 2.3 shows that a higher 
temperature resulted in a higher D.S. 
 
Table 2.3 Effect of the reaction temperature on D.S.b 











r.t. (~20) 7.16 0.99 68 9 87 
40 7.20 0.58 69 5 92 
60 7.15 <0.5 68 <4.7 >94 
Sodium diethylmalonate:tosyl-chitin 
r.t. (~20) 7.20 0.95 70 9 87 
40 7.26 0.89 72 9 88 
60 7.15 0.77 68 7 90 
Sodium diethylphosphite:tosyl-chitin  
r.t. (~20) 7.14 2.78 68 28 59 
40 7.06 1.25 65 13 81 
60 7.16 0.92 69 9 87 
b. 24h reaction time at 12:1 ratio of nucleophile/tosyl-chitin 
 
2.3.3.3 6-O-Carboxyphenyl-chitin (4) 
The hydrolysis of the ester group on the 6-O-ethylbenzoate-chitin would give a 
water-soluble chitin derivative due to the generation of the corresponding carboxylic 
acid-salt.  Acids and inorganic bases are widely used to hydrolyze esters but their poor 
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solubility in common organic solvents and conversely, the likelihood of chitin 
derivatives being in a totally aqueous acidic environment make the choice of using 
inorganic acids and bases unattractive.  In our work, tert-butoxide (t-BuOK) was 
selected to hydrolyze the ester group in DMSO catalyzed with water.  The molar ratio 
of t-BuOK to 6-O-ethylbenzoate-chitin was set at 3:1 according to Gassman et al's 










Figure 2.5 13C-NMR spectrum of 6-O-carboxyphenyl-chitin (4) in D2O 
 
The influence of the hydrolysis time on the solubility of the chitin derivatives was 
investigated qualitatively and the results summarized in Table 2.4.  All products when 
maintained as their original solutions and subjected to dialysis remained homogeneous 
with no precipitates observed.  However, products obtained by first concentrating and 
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reaction time.  The product obtained after only 2h of hydrolysis was insoluble.  The 
products after 4h and 6h of hydrolysis were partially soluble in water.  The product 
obtained after 8h or more reaction was readily water soluble.  This product’s 13C-NMR 
spectrum showed the absence of peaks attributed to the ethyl carbons on the ester group 
i.e. complete de-esterification. Acidifying the aqueous solution of 8h hydrolyzed 
product gave the acid form of 6-O-carboxyphenyl-chitin that was also readily soluble in 
DMAc and DMSO.   
 
Table 2.4 Effect of the chitin ester hydrolysis time on the water solubility of 






itin (potassium salt) 
2 - - 
4 ± - 
6 ± - 
8 + ± 
16 + + 
Note: - Insoluble; + soluble;± Partially soluble 
 
The structure of 6-O-carboxyphenyl-chitin was verified by 13C-NMR, FT-IR and 
elemental analysis.  The 13C-NMR of the potassium salt of 6-O-carboxyphenyl-chitin 
(Figure 2.5) had four peaks (7, 8, 9, 10) due to the benzene ring at 160, 131, 129 and 
114ppm and the carbonyl peak (11) at 173ppm.  Peaks for the ethyl group at 14 and 
60ppm were not observed, verifying complete hydrolysis.  Peaks for the chitin 
skeleton (2; 3, 5, 6; 4, 14) were observed at 52, 68-72, 74 and 174ppm.  C1 on the 
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sugar split into two peaks, 98 and 101 ppm. C1 at 98ppm was assigned as C1 at 
substituted 6-O-carboxyphenyl-chitin unit, whereas C1* at 101 ppm should belong to 
unsubstituted N-acetyl-glucosamine unit. Minor peak at 60 ppm might be attributed to 
C6* carbon signal at unsubstituted chitin unit. Compared to 6-O-ethylbenzoate-chitin, 
the chemical shifts for C9, C10 and C11 were shifted to lower field by about 7-8ppm.  
This shift was most likely due to the change of the electronic environment arising from 
the removal of the ester functionality generating the –COO-K+ resulting in the 
de-shielding of the C11 and its neighboring carbons downfield.  In FT-IR spectrum D 
and E of Figure 2.1, the carbonyl peak was only found in spectrum of E (acid form) at 
1708 cm-1 while the benzene ring peak at 1605 cm-1 were both present in spectrum D 
(potassium salt) and E (acid form).  
 
The low amount of tosyl-group (S<0.5%) and the clean hydrolysis of the ester 
functionality indicated by 13C-NMR permitted the estimation of the degree of 
hydrolysis by inductively coupled plasma (ICP) of the amount of potassium in 
6-O-carboxyphenyl-chitin-potassium salt.  The result of >95% is clear indication that 
complete hydrolysis of the ester to the corresponding carboxylic acid was achieved.  
 
2.3.3.4 6-Deoxy-diethylmalonate-chitin (5) 
The preparation of 6-deoxy-diethylmalonate-chitin followed the same procedure for 
6-O-ethylbenzoate-chitin.  The structure of 6-deoxy-diethylmalonate-chitin was 
established by 13C-NMR and reported in Table 2.1.  Two peaks (9 and 10) were 
attributed to the ethyl group at 13 and 60ppm, consistent with diethylmalonate.  The 
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C7 peak (~41ppm) was not observed a consequence of the blocking influence by the 
DMSO-d6 solvent peak (39.5ppm).  The chitin skeleton peaks (C1 98, C2 53, C3-C5: 
69-71, C4, 76, C8 166, C11 168, C12 22) were all obtained.  The residue of tosyl group 
(tosyl-CH3 20.7, benzene ring 127.4 and 129.5) were also observed, which indicated an 
incomplete substitution. Substituted C6 carbon peak was observed at 28 ppm.  The 
noticeable upfield shift was attributed to the de-oxygen replacement of the neighboring 
atom of C6.  The substitution of an electronegative oxygen atom by a carbon atom 
increased the shielding effect of C6 and thus resulted in the up-field shift of carbon 
signal of substituted C6.  Two extra peaks at 30 and 45 ppm aroused our attention 
(Figure 2.6). A thorough investigation of chemical shifts of all the starting materials 
and solvents revealed that these two carbon peaks belonged to solvent, i.e. N, 
N-dimethylacetamide.  Since all the products were subject to complete purification, 
the amount of free solvent residue should be low.  Therefore, there must be a side 





Scheme 2.3 Side reaction aroused by DMAc during SN2 reaction. 
 
The α-H of the carbonyl group is known to be weakly acidic and could be removed by 





























more active than that of DMAc due to the stronger electropositive effect caused by two 
neighboring carbonyl groups rendering the substitution of the carbon anion of 
diethylmalonate in the SN2 reaction predominant.  However, the competition reaction 
by the carbon anion of DMAc cannot be overlooked due to the peaks observed in Figure 
2.6.  To eliminate the side reaction, dimethylformamide (DMF) replaced DMAc as 
solvent for the preparation of sodium diethyl malonate due to the lack of α-H.  The 
disappearance of the DMAc peaks in Figure 2.7 shows that DMF is helpful for 
preventing the side reaction.  The FT-IR of spectrum F in Figure 2.1 shows the 











Figure 2.6 13C-NMR spectrum of 6-deoxy-diethylmalonate-chitin (5) in DMSO-d6 
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6-O-ethylbenzoate-chitin.  The reaction time was set as 24h and the effects of the 
ratio of nucleophile: tosyl-chitin and temperature on D.S. were examined.  The data 
in Table 2.2 again shows that the D.S. increased with an increasing ratio of sodium 
diethylmalonate to tosyl-chitin and when the ratio was 12:1, a D.S. of 90% was 
attained.  The data in Table 2.3 indicated that the reaction did not correlate closely 
with temperature as there was little difference between the D.S. at room temperature 
(87%) and 60oC (90%).  A possible explanation could be that the carbon anion was a 
more reactive nucleophile than either the oxygen or phosphorus anions. Therefore, 
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6-deoxy-diethylmalonate was found to be less soluble in DMAc and DMSO compared 
to 6-O-ethylbenzoate-chitin, which was completely soluble in DMAc and DMSO at 
room temperature after 1h stirring.  However, 6-deoxy-diethylmalonate became 
highly swollen after overnight stirring at ambient and only partial solubilization could 
be accomplished by overnight stirring at 60oC.  Considering the similar degree of 
substitution, the different solubility of these two chitin derivatives must be due to the 
different properties of substituted group.  Ethylbenzoate is more bulky than 
diethylmalonate due to the existence of a bulky benzene ring, important for the 
elimination of the inter-molecular hydrogen bonding and endowing the resulting 
derivative more soluble in organic solvent.  On the contrary, the lack of a bulky group 
made 6-deoxy-diethylmalonate and 6-deoxy-diethylphospite comparatively less 
soluble in organic solvent.  
 
2.3.3.5 6-Deoxy-di(carboxy)methyl-chitin (6) 
The hydrolysis reaction of 6-deoxy-diethylmalonate-chitin to remove the ester function 
did not proceed as smoothly as 6-O-ethylbenzoate-chitin for the same ratio of 
tert-butoxide to chitin-ester (3:1).  The solubility data in Table 2.4 indicated that at 2h, 
4h, and 6h, the product of hydrolysis was insoluble in water; and at 8h, only partially 
soluble chitin derivative was obtained.  Only after 16h of hydrolysis was a 
water-soluble product finally obtained.  The difficulty in hydrolysis might be 
attributed to the incomplete solubilization of 6-deoxy-diethylmalonate-chitin in DMSO 
resulting in a semi-heterogeneous hydrolysis reaction where a longer time was required 
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for complete hydrolysis.  Elemental analysis results indicated that 8% (molar %) of 
tosyl group fragments in 6-O-diethylmalonate-chitin were removed by hydrolysis.  
Based on the mechanism of hydrolysis, it would be reasonable to conclude that the 
tosyl-group was substituted by –OH group and the tosyl-chitin fragment was therefore 
reconverted back to chitin.  Consequently, the structure of 
6-deoxy-di(carboxy)methyl-chitin was simplified in chitin and di(carboxy)methyl 
fragments. 
 
The 13C-NMR spectrum of 6-deoxy-di(carboxy)methyl-chitin are presented in Figure 
2.8. It shows that the minor peaks belonging to –CH2- (C9 in derivative 5) and -CH3 
(C10 in derivative 5) were still observed at 13 and 60 ppm indicating incomplete 
hydrolysis. But the intensities of the two peaks were greatly decreased, which indicated 
the quite high degree of hydrolysis.  Furthermore, the peak of –CH (C7) was observed 
at 44 ppm, shifted downfield about by 5 ppm due to the hydrolysis of the ester group to 
more electronegative carboxylic groups. 
 
The other carbon peaks (C1 98, C2 53, C3-C6: 69-72, C4 74, C8 173.4, C9 174.6, 
C10 22ppm) were present indicating the derivative from the ester form was obtained.  
The minor peak at 55 ppm was attributed to the C2 of the glucosamine unit, indicating 














Figure 2.8 13C-NMR spectrum of 6-deoxy-di(carboxy)methyl-chitin in D2O 
 
2.3.3.6 6-Deoxy-diethylphoshpite-chitin (7) 
The synthesis of phosphorus-containing chitin derivative was attempted as this aspect 
of chitin chemistry is lacking.  Furthermore, the relevance of phosphorus to 
biological systems (forming DNA, RNA, ATP and many other compounds) has made 
the research on phosphorus-containing chitin derivative more and more important.  
However, except phosphated-chitin that was evaluated as an anti-inflammatory agent 
[14-16]
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Figure 2.9 31P-NMR spectrum of 6-deoxy- diethylphosphite-chitin in DMSO-d6 
 
In our work, sodium diethylphosphite was chosen as the nucleophile because it is 
widely used as a versatile, reactive and safe intermediate in chemical synthesis.  Figure 
2.9 shows the single 31P-NMR phosphorus peak at –0.1556 (with reference to 85% 
H3PO4) for 6-deoxy-diethylphosphite chitin indicating the successful addition of the 
phosphite group to chitin.  The mono-substitution at C6 was also verified by the single 
peak. 6-deoxy-diethylphosphite-chitin was not completely soluble in DMAc or DMSO.  
In DMAc, after stirring at 80oC for 4h, small swellable particles could still be observed.  
The difficulty in obtaining a clear 13C-NMR spectrum may be partially attributed to the 
low solubility of 6-deoxy-diethylphosphite-chitin in DMSO.  
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Again, the influence of temperature and the ratio of sodium diethylphosphite to 
tosyl-chitin on the D.S. were evaluated.  At ambient, the D.S. was found to be 59%, 
increasing to 81% at 40oC and 87% at 60oC.  This was attributed to the less reactive 
phosphorus anion that required a higher temperature to facilitate accomplishment of the 
SN2 reaction.  At a phosphite to tosyl-chitin ratio was 3, a D.S. of 70% was obtained, 
increasing to 81% when the ratio was 7 and 85% at a ratio of 12.   
 
2.3.4 Homogeneous Vs. Heterogeneous reactions 
Compared to the heterogeneous reaction, the homogeneous reaction has many merits 
such as good controllability, homogeneity and mild reaction conditions.  The 
comparison of tosyl-chitin under homogeneous and heterogeneous conditions has been 
discussed in the previous section of this chapter.  
 
However, the advantage of homogeneous derivatization of tosyl-chtin has far reaching 
implications.  The homogeneous modification of tosyl-chitin can provide an 
alternative synthetic pathway to prepare chitin derivatives that can not be obtained by 
traditional alkali-chitin strategy.  The typical example is the synthesis of 
6-O-ethylbenzoate-chitin and 6-O-carboxyphenyl-chitin.  
 
Scheme 2.4 presents the synthetic pathway based on the alkaline chitin as precursor.  
Both synthetic pathways are theoretically non-feasible due to the inert reactivity of 
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chloride due to the conjugation effect by the benzene ring.  Moreover the synthesis of 
6-O-ethylbenzoate chitin will also be hindered by the water insolubility of 
4-chloro-ethylbenzoate.  However, these limitations are overcome by using a 
homogeneous synthetic pathway.  Therefore, homogeneous derivatization of 
tosyl-chitin could be a useful complement for chitin derivatives where traditional 






Scheme 2.4 Synthesis of 6-O-ethylbenzoate-chitin and 6-O-carboxyphenyl-chitin 
starting from alkali-chitin 
 
2.4 Summary 
A homogeneous synthetic method via SN2 reaction was established for chitin to 
prepare C-6 substituted chitin derivatives.  Tosyl-chitin was used as the active 
intermediate, while sodium salts of ethyl hydroxybenzoate, diethylmalonate and 
diethylphosphite were applied as nucleophiles.  Three chitin derivatives that showed 
























Tosylation of chitin under homogeneous conditions was achieved by the reaction of 
tosyl-chloride with chitin in a LiCl/DMAc solvent system.  The temperature proved 
critical for controlling the regio-selectivity of the reaction. At 8oC, tosylation was 
found to be specifically at C6.  The regio-selectivity of the reaction at low 
temperature could be explained by the different activation energy at C6 and C3 
positions.  
 
The resultant tosyl-chitin was subsequently reacted with the sodium salts of ethyl 
p-hydroxybenzoate, diethylmalonate and diethylphosphite in DMAc to give the 
corresponding chitin derivatives of 6-O-ethylbenzoate-chitin, 
6-deoxy-diethylmalonate-chitin, and 6-deoxy-diethylphosphite-chitin respectively.  
The structure of the chitin derivatives were confirmed by FT-IR, 13C-NMR and 
31P-NMR while the degree of substitution of the SN2 reaction was estimated by 
elemental analysis.  These reactions showed completely different reaction rates 
though they underwent the same mechanism.  The reaction of diethylmalonate 
proved to be the fastest. At room temperature, a 24h reaction time produced the 
completely substituted product.  The different reactivities could be explained by the 
fact that the carbon anion is much more reactive than oxygen and phosphorus anions.  
 
Three derivatives, i.e. 6-O-ethylbenzoate-chitin, 6-deoxy-diethylmalonate-chitin, and 
6-deoxy-diethylphosphite-chitin, showed different solubility in organic solvent.  
6-O-ethylbenzaote-chitin was completely soluble in DMAc after 1h stirring in DMAc 
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at room temperature. However, 6-deoxy-diethylmalonate-chitin and 
6-deoxy-diethylphosphite-chitin were found to be only partially soluble in DMAc or 
DMSO even after overnight stirring at 60oC.  It is possible that the benzene ring at 
6-O-ethylbenzaote-chitin could eliminate the hydrogen bonding between the chitin 
chains more effectively due to its bulky size.  Hydrogen bonding is known to be the 
main cause for the poor solubility of chitin and chitin derivatives.  Insertion of bulky 
group like benzene ring might increase the chain distance and therefore weaken the 
hydrogen bonding.  Compared with the ethylbenzaote group, the functional groups 
of the other two derivatives were less bulky and hydrogen bonding could be still 
strong, retarding solubilization.  
 
Subsequent hydrolysis of the chitin-ester derivatives with tert-butoxide in DMSO 
generated 6-O-carboxyphenyl-chitin and 6-deoxy-di(carboxy)methyl-chitin.  
Compared with chitin-esters, these two chitin-acids showed better water solubility.  
6-deoxy-diethylmalonate-chitin was only partially soluble in DMAc or DMSO even at 
high temperatures, whereas 6-deoxy-di(carboxy)methyl-chitin was readily soluble in 
water at room temperature.  The different solubility could be explained by the fact 
that N-acetyl-glucosamine, the repeat unit of chitin, is water soluble.  Introduction of 
a hydrophilic group like the carboxylic group may therefore enhance its water 
solubility.  However, the introduction of hydrophobic group such as ester groups 
may change the nature of repeating groups from the hydrophilic to hydrophobic.  
The solubilization of chitin derivatives in organic solvent is therefore much more 
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difficult than that in water.  The better solubility of chitin derivatives in water 
suggests that transforming chitin to water soluble derivatives is an effective approach 
to improving the solubility of chitin derivatives.  
 
It is noteworthy that the chitin material used for this study was un-fractionated and the 
molecular weight was around 240,000 Dalton.  One side effect caused by the high 
molecular weight was the strong inter and intra hydrogen bonding and the subsequent 
poor solubilization of chitin derivatives in organic solvent.  The poor solubilization 
may hinder the further application of these chitin derivatives.  Moreover, the limited 
solubilization of chitin derivatives in organic solvents may cause difficulty in 
obtaining high resolution NMR spectra.  Further studies on low molecular weight 
chitin (LMW-Chitin), which could be obtained via acid hydrolysis, should provide 
more delicate structural information facilitated by better resolved NMR spectra.  The 
solubility of chitin derivatives derived from LMW-chitin should be better than that 
derived from HMW-chitin, which is important for the large-scale production of chitin 
derivatives in the future.  
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Chapter 3 Sulfated-Chitin: Homogeneous Preparation, 
characterization and anticoagulant activity 
 
3.1 Introduction 
The earliest attempts to prepare sulfated-chitin and chitosan were made during the 
1950s.  Over the following decades, many efforts were explored for obtaining 
sulfated-chitin and chitosan under various conditions.  Wolfrom et al. [1] first 
reported the sulfation of chitosan in 1953, using the chlorosulfonic acid-pyridine 
complex as sulfating reagent.  The chitosan was pre-swollen in pyridine and the 
resulting sulfated-chitosan was N- and O-sulfated.  The anticoagulation activity of 
sulfated-chitosan was half that of heparin while the toxicity was found to be 
approximately twice that of heparin.  To improve the homogeneity of the reaction, 
Wolfrom et al. [2] modified the sulfation procedure they reported earlier (1953) by 
using the sulfur trioxide-DMF complex as the sulfating reagent and DMF as the 
reaction solvent.  The chitosan was pre-treated by solvent exchange and finally 
swollen in DMF.  Compared with previous products, the sulfated-chitosan showed 
equivalent anticoagulation activity to heparin.  Moreover, the toxicity this time was 
half that of the previous product, attributed to the lower molecular weight.  Not only 
chitosan, but the chitosan derivative, 6-carboxyl-chitosan, was sulfated by Horton and 
Just et al. [3].  Although the sulfation procedure followed the method reported by 
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Wolfrom et al (1953), only N-sulfation was obtained due to the absence of the C6 
hydroxyl group.  The relatively low anticoagulation activity and high toxicity of the 
N-sulfated-6-O-carboxy-chitosan was attributed to its high molecular weight.  In 
general, these early studies showed that sulfated-chitins and sulfated-chitosans could 
serve as possible anticoagulants.  However the ambiguous structures and insufficient 
bio-activity data made it difficult to investigate the anticoagulation mechanism, 
greatly hindering the application of these sulfated-chitin and chitosan. 
 
More recently, two methods for the selective sulfation of chitin and chitosan have 
been developed.  The first involved the sulfation of N-carboxymethyl-chitosan by 
Muzzarelli et al. in 1984 [4].  The sulfation followed the procedure by Wolfrom (1957) 
using sulfur trioxide-DMF complex as sulfating reagent.  Due to the unavailability of 
free amino groups, sulfation was observed specifically at the C6 position.  The 
degree of sulfation and N-carboxymethylation were 1.0 and 0.58 respectively.  The 
results of anticoagulation activity showed that sulfated N-carboxymethyl chitosan 
could form complexes with antithrombin and factor Xa, respectively to inhibit the 
thrombin activity.  Sonicated samples showed less advserse effects than untreated 
samples.  The second method involved the preparation of 3, 6-O-disulfated-chitin 
and N, O-sulfated-chitosan by sulfur trioxide-DMF complex in DMF by Hirano et al. 
in 1985 [5].  The comprehensive anticoagulation tests, including APTT, TT, 
antithrombin time (AT) and anti-FXa assays, were conducted to screen 
anticoagulation activity.  3, 6-O-disulfated-chitin showed a two fold increase in 
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anticoagulation activity over heparin, whereas N, O-sulfated-chitosan was 10-60% 
more active than heparin.  Due to the improvement on the selectivity of sulfation and 
the use of more specific anticoagulation activity tests, these two studies provided 
more valuable and reliable information to investigate the anticoagulation mechanisms.  
However, the structures of the sulfated-chitin and sulfated-chitosan were still not well 
established, in particular, little was known about the degree of substitution at specific 
positions.  
 
In a series of reports commencing in 1990, the NMR technique was introduced to 
facilitate the structural characterization of sulfated-chitins and sulfated-chitosans. 
Hirano et al [6] first reported the structural analysis of 3, 6-O-disulfated-chitin, 
disulfated-chitosan and N-desulfated-sulfated-chitosan by 13C-NMR.  All the carbon 
peaks of the three derivatives were assigned based on the signals of 
N-acetyl-glucosamine and glucosamine monomers.  More specific work about 
N-sulfated-chitosan and the quantitative calculation of degree of substitution by 
1H-NMR was reported by Holme et al. [7].  The reaction proceeded in aqueous 
solution and sulfur trioxide-triethylamine complex was used as the sulfating reagent.  
The specific N-sulfation was verified by 1H-NMR.  The resolution of 1H-NMR was 
enhanced by recording the spectrum at pD= 9 rather than at neutrality.  Due to the 
comparatively simple mono-substitution, proton signals of H2 belonging to free amino 
and sulfo-amino groups were well resolved.  The ratio of the two groups was thus 
calculated by the integration of the two types of proton signals.  To investigate the 
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effect of different reaction conditions on the structural varieties of sulfated-chitosan, 
Gamzazade et al [8] prepared a series of sulfated-chitosans under homogeneous, 
semi-homogeneous and heterogeneous conditions.  Chlorosulfonic acid and sulfur 
trioxide-pyridine complexes were used as sulfating reagents.  The simplest 13C-NMR 
spectrum was attributed to the 3, 6-disulfated-chitosan prepared under homogeneous 
conditions.  Other derivatives showed more complex 13C-NMR spectra due to the 
heterogeneity of the products.  The authors concluded that the obtained 
sulfated-chitosan were unexceptionally di or tri-substituted and the substitution at 
individual positions was generally incomplete.  A useful complement for 
Gamzazade’s work was reported recently.  Vongchan [9] et al modified Gamazade’s 
method by using longer reaction times and the completely sulfated-chitosan derivative 
was obtained.  The structure of the derivative was elucidated by 500MHz 1H-NMR.  
 
Generally, conventional methods to prepare sulfated-chitins were heterogeneous or 
semi-heterogeneous and reactions showed little selectivity towards the three positions 
and multi-substituted derivatives were inevitably obtained unless reactive groups were 
protected [10].  
 
In recent years, chemical modification of chitin in 5% LiCl/DMAc (w/v) solvent 
system has taken center stage arising from the homogeneity and mild reaction 
conditions of the chitin solution.  Tosylation [11, 12], chlorination [13] and bromination 
[14] were reported in this solvent system.  Reactions in this solvent system showed 
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ideal selectivity towards the C3 and C6 hydroxyl groups by manipulating the reaction 
conditions.  Although Terbojevich et al [15] reported the 6-O-sulfation of chitin in 5% 
LiCl/DMAc solvent system, only two reaction conditions were examined in their 
study.  The sulfation of chitin in this solvent system is therefore still not well studied 
and worthy of further effort.  
 
In this work, we report on the sulfation of chitin in 5% LiCl/DMAc with sulfur 
trioxide-pyridine complex, a mild sulfating reagent.  6-O-sulfated-chitin with 
different degrees of sulfation was prepared at room temperature and the degrees of 
sulfation were estimated by 1H-NMR and supported with elemental analysis results.  
100% substituted 6-O-sulfated-chitin was further sulfated at the C3 position at an 
elevated temperature and copolymers of 6-O-sulfate and 3, 6-O-disulfate with 
different compositions were obtained.  The structure of the sulfated-chitins was 
established by 1H-, 13C- and 2D heteronuclear correlation spectroscopy (HMQC).  
Prothrombin time (PT), activated partial thromboplastin time (APTT), fibrinogen time 
(FT) and thrombin time (TT) were performed to evaluate the anticoagulant activity of 
the sulfated chitins.  The effect of C6 and C3 sulfation on the anticoagulation 







3.2.1 Materials  
Chitin powder isolated from crab shells (Sigma, Lot. C7170) was purified by stirring in 
a 5% NaOH aqueous solution for 3 days, recovered with de-ionized water, treated with 
1M HCl for 1h and washed with deionized water till pH 7 and dried at 50oC.  N, 
N-dimethylacetamide (DMAc, Aldrich) was of HPLC grade and sulfur 
trioxide-pyridine complex was purchased from Aldrich (Lot. S7566).  All other 
chemicals were reagent grade and used without further purification.  Dialysis tubing 
was purchased from Sigma Aldrich (Lot. D9527) and had a molecular weight cut-off of 
~ 12,000.  Deuterium oxide 99.8% (Lot. 1.13366) was purchased from Merck and 
deuterium chloride was purchased from Sigma (Lot. 120H5953).  
 
3.2.2 General methods 
IR spectra were recorded with a BIO-RAD Excalibur Series FT-IR spectrometer.  
Elemental analysis was performed by the Microanalytical Laboratory, Department of 
Chemistry, National University of Singapore using a Perkin Elmer Series 2400 C, H, 
N, S analyzer.  GPC (Gel Permeation Chromatography) was used to estimate the 
molecular weight profile.  The set-up comprised of three Polymer Lab columns in 
series (PL aquagel-OH), a Waters HPLC pump type 515, and a refractive index 
detector Waters 410.  Polymer solutions were filtered through 0.45um millipore® 
filters.  Pullulan (Shodex®) and 0.33M acetic acid/0.1M sodium acetate were used 
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as standards and eluent respectively. 
 
3.2.3 NMR Analysis 
1H- and 13 C-NMR measurements were performed on a Bruker AV 500 MHz 
spectrometer at 500.13 and 125.75 MHz respectively.  All the 13C-NMR spectra were 
acquired at 300K, whereas 1H-NMR spectra were recorded at 300 or 360K depending 
on the experimental requirement.  For 1H-NMR spectra obtained at 360K, samples 
were allowed to stand in the magnet for 5 min to attain thermal equilibrium.  The 
two-dimensional heteronuclear one bond proton carbon correlation experiment was 
registered in 1H detected mode via multi-quantum coherence (HMQC) on a Bruker 











3.2.4 Preparation of 6-O-sulfated-chitin and 3, 6-O-disulfated-chitin 
The synthesis procedure of 6-O-sulfated-chitin and 3, 6-O-disulfated-chitin is 
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Scheme 3.1 Preparation of sulfated-chitins in 5% LiCl/DMAc 
 
3.2.4.1 Preparation of 6-O-sulfated-chitin 
0.4 g of purified chitin (c.a. 2 mmol) was stirred in 30 ml of 5% LiCl/DMAc until 
dissolution was complete.  2.0g of sulfur trioxide-pyridine complex (c.a. 12 mmol) 
was pre-dissolved in 10 ml of 5% LiCl/DMAc and transferred into chitin solution by 
syringe.  The reaction proceeded at room temperature for the given reaction time. 
After reaction, the reaction mixture was poured into 250ml of acetone and the white 
fibrous precipitate was filtered out and re-dissolved into 80 ml water.  The obtained 
solution was adjusted to pH ≈ 10 with 5% NaOH solution and dialyzed against water 
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for 72h.  The dialyzed solution was filtered and concentrated to 30 ml by rotary 
evaporation.  To the concentrated solution was added 100 ml of acetone and the 
precipitate was collected either by direct filtration or centrifugation depending on the 
molecular weight.  The obtained precipitate was dried at 500C overnight, ground as 
powder and stored in a desiccator until used. 
 
3.2.4.2 Preparation of Copolymer of 6-O-sulfated-chitin and 3, 
6-O-disulfated-chitin 
0.4 g of purified chitin (c.a. 2 mmol) was stirred in 30 ml of 5% LiCl/DMAc until 
dissolution was complete.  2.6g of sulfur trioxide-pyridine complex (c.a. 16 mmol) 
was pre-dissolved in 12 ml of 5% LiCl/DMAc and transferred into chitin solution by 
syringe.  The reaction proceeded at room temperature for 24h and 6-O-sulfated 
chitin with D.S.≈1 was obtained.  A second pre-determined amount of sulfur 
trioxide-pyridine complex was added to the reaction pot, the temperature raised and 
the reaction resumed for the assigned time.  The isolation of the product followed the 
procedure described above.  A small modification was made in that the dialyzed 
solution was freeze-dried instead of being precipitated out with acetone.   
 
3.2.5 Anticoagulant activity assays 
Citrated human platelet-poor plasma (PPP) was purchased from Dade, Germany 
(Lot.B4244-10).  The plasma powder was reconstituted by Mili-Q water before use.  
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Innovin (B4212-50), Actin FSL (B42192), thrombin reagent (B4233-25) and 
thromboclotin (281007) were all purchased from Dade®, Germany and used for 
prothrombin time (PT), activated partial thromboplastin time (APTT), fibrinogen time 
(FT), and thrombin time (TT) respectively.  The assays were conducted according to 
the manufacturer’s instruction using an automated blood coagulation analyzer 
(CA-540, Sysmex Corp, Kobe, Japan).  All experiments were performed in duplicate 
and repeated 3 times on different days.  The standard deviations were less than 2% of 
the mean. 
 
3.3 Results and Discussion 
3.3.1 Degree of acetylation (D.A.) of chitin 
The D.A. is a critical parameter that affects the structural characterization and 
properties of chitin and its derivatives.  To obtain accurate D.A. values, many 
methods have been proposed to date.  However, due to the variability in sample 
preparation, type of instrument and experimental conditions used in different 
laboratories, the results obtained using these methods cannot be well correlated.  
Moreover, there has been no comprehensive study to compare the reliability and 
accuracy of different methods.  It was therefore necessary to develop a reliable 
method in our own laboratory. FT-IR, elemental analysis, CP/MAS solid state NMR 
and 1H-NMR were evaluated in this study as potential methods to estimate the D.A.  
UV, CD, titration and GPC were found not suitable d
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material with a high D.A.  
 
Table 3.1 D.A. values of commercial chitin (Sigma) estimated by different methods. 
 







Mean ± S.D. 
FT-IR 1 115A1655/A3450[16] 75.8 73.2 77.6 75.5±2.2 
FT-IR 2 442.48A1320/A3450-13.92 [17] 113.8 115.2 116.2 115.0±1.2 
FT-IR 3 31.918A1320/A1420-12.20 [17] 88.7 92.4 89.3 90.1±1.98 
FT-IR 4 35.461A1550/A2878 [18] 80.2 83.5 82.3 82.0±1.67 
E.A. N/C [19] 55.8 72.1 63.3 63.4±8.2 
Solid State 
13C-NMR 
ICH3/6(IC1+IC2+IC3+IC4+IC5+IC6)[20] 78.2 78.9 77.8 78.3±0.55 
1H-NMR H1A/(H1A+H1D) [21] 97.6 96.8 97.3 97.2±0.4 
 
The D.A. results of chitin powder (Sigma, C7170) obtained by different methods are 
summarized in Table 3.1.  The D.A. values obtained by different methods were 
noticeably different with the maximum variance of 50% for FT-IR 2 and elemental 
analysis.  Four FT-IR methods (FT-IR 1 to 4) evaluated have been widely used and 
quoted by different chitin research groups.  However, the results in Table 3.1 suggest 
that these methods were inconsistent with each other.  A possible explanation is that 
FT-IR method is an indirect method and calibration by samples with a known D.A is 
necessary.  The use of these FT-IR methods without calibration will give results that 
do not correlate well with each other.  
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Elemental analysis, as a direct method was also used to calculate the D.A. by 
comparing the ratio of carbon to nitrogen.  However the error is known to be big 
because of the narrow range of nitrogen values.  The nitrogen content of 100% 
acetylated and fully deacetylated chitin is 6.89% and 8.69% respectively giving only a 
1.8% spread.  This small range makes the precise calculation of D.A. difficult. [20] 
Furthermore, the complete combustion of chitin samples during elemental analysis is 
rarely achieved due to the high molecular weight of chitin that may contribute to 
questionable D.A. determination.  Finally, sample contamination or the presence of 
moisture can also greatly influence the accuracy of the D.A.  Therefore, for all these 
reasons, elemental analysis would not be a method of choice. 
 
Another possible method for determining the D.A. is nuclear magnetic resonance 
(NMR), known for its good reliability and reproducibility.  The application of solid 
state NMR to determine the D.A. was first reported by Pelletier et al. [20] in 1990.  
The method was straightforward and the D.A. value was obtained from the ratio of the 
integration of the methyl carbon of the amide group to the average integration of 
carbons of the sugar ring.  Figure 3.1 shows that the D.A. result obtained by solid 
state 13C-NMR method was 78.3% and the result has good reproducibility based on a 















Figure 3.1 CP/MAS Solid State 13C-NMR spectroscopy of commercial chitin 
(Sigma) 
 
Recently, Gupta et al. [21] reported the determination of the D.A. of chitosan by liquid 
phase 1H-NMR.  The D.A. could be estimated conveniently by the ratio of the H1A 
(H1 proton belonging to the acetylated monomer) and the H1D (H1 proton belonging 
to the deacetylated monomer).  Unfortunately, this method cannot be applied directly 
to chitin material with a high D.A. due to the insolubility of chitin in weak acid 
solution. In this study, chitin was transformed into water soluble 6-O-sulfated-chitin 
that permitted the use of liquid phase 1H-NMR evaluation.  There should be little 
N-deacetylation during sulfation due to the very mild reaction conditions.  Therefore, 
























*** Acquisition  Parameters ***
BF1 :   100.6127290 MHz
D[1] :      3.0000000 sec
D[10] :      0.0000000 sec
NS :           1200
O1 :       11067.40 Hz
O2 :        -640.21 Hz
P[1] :            1.0 usec
P[7] :            0.0 usec
P[15] :         2000.0 usec
PULPROG : cp
SFO1 :   100.6237964 MHz
SW :       260.8401 ppm
TE :          300.0 K
*** Processing Parameters ***
LB :          20.00 Hz
SF :   100.6123006 MHz
*** 1D NMR Plot Parameters ***
Start :         137.22 ppm
Stop :           1.24 ppm
SR :        -428.35 Hz










6-O-sulfated-chitin derivative.  The 1H-NMR experiment was carried out at 360K to 
remove the interference of solvent peak with H1A and H1D.  The D.A. calculated by 













Figure 3.2 1H-NMR spectrum of 6-O-sulfated-chitin (D.S.≈100%) obtained at 360K 
 
Comparison of these methods revealed that FT-IR and elemental analysis are not 
favorable methods.  As an indirect method, FT-IR could not give precise results 
unless calibration was conducted.  Elemental analysis showed poor reproducibility 
for the reasons discussed above. The two NMR methods all showed satisfactory 
































the two methods.  Two reasons make solution 1H-NMR a more precise and 
preferable method.  First, quantitative 13C-NMR experiment is more complex and 
less accurate than 1H-NMR due to several influences: a) Wide spread 13C relaxation 
time (from 0.1 to 100s). b) The nuclear overhauser effect (NOE) may be different for 
every carbon atom. c) Instrumentation, including filter characteristics, power level of 
the exciting pulse, dynamic range and digital resolution.  Therefore, to use 13C-NMR 
spectra to date, the spectra always requires either the elimination of the NOE and 
ensuring sufficiently long pulse delay or using a standard material as internal 
reference.  No such procedures were mentioned in Pelletier’s report [20] and the 
preciseness of the method is therefore uncertain.  Second, assuming the D.A. was 
78% as estimated by CP/MAS solid state 13C-NMR in this work, there should be more 
than 20% of free amine groups in the chitin backbone.  Treatment of chitin by HCl 
solution should yield the HCl salt of the glucosamine unit. As the counter anion, the 
theoretical content of chloride should be above 4.0%.  However, the elemental 
analysis results of HCl treated chitin materials indicated negligible chloride content.  
The absence of chloride content renders the D.A. obtained by solid state NMR suspect 
and therefore support the D.A. determined by solution 1H-NMR. 
 
In conclusion, the solution 1H-NMR method has advantages over the other methods 
discussed, FT-IR, elemental analysis and CP/MAS solid state 13C-NMR.  1H-NMR is 
little influenced by impurities (such as moisture) and does not require the accurate 
weight of sample, critical for FT-IR and elemental analysis.  The 97% of D.A. value 
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obtained by 1H-NMR shows that the commercial α-chitin (Sigma) was suitable for 
direct chemical derivatization and the further N-acetylation was not necessary unless 
possible N-deacetylation was supposed to accompany the chemical modification 
reactions (such as reactions using strong base). 
 
3.3.2 Sulfation at the C6 position 
The influence of sulfation on the anticoagulation activity of sulfated-chitin was to be 
studied.  Therefore, selective sulfation at the C6 and C3 was an important aspect of 
this study.  Preferential sulfation at the C6 position is based on the common 
knowledge that in the N-acetyl-D-glucosamine moiety, reactivity of the C6-OH is 
higher than C3-OH arising from steric considerations [6].  The effects of different 
reaction conditions, reaction temperature, reaction time and concentration of sulfating 
reagent, on the 6-O-sulfation of chitin are summarized in Table 3.2.  The reaction 
temperature was found to be critical for regio-selective sulfation.  At room 
temperature or lower, sulfation was confined strictly to the C6 position.  For example, 
reaction at 4oC for 12h of reaction did not yield a water soluble product as a very low 
degree of sulfation at the C6 position was achieved.  At 8oC and 36h of reaction, a 
water soluble product with a degree of sulfation (D.S.) of 53% was obtained.  
Reactions performed at ambient afforded products having D.S. from 0.53 to 1 
depending on the time and concentration of the sulfating reagent.   
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Table 3.2 The effect of reaction conditions on the degree of sulfation and yield. 
 
a. SC6 represents 6-O-sulfated-chitin; SC36 represents 3, 6-O-disulfated-chitin. 
b. All the SC36 series products were sulfated at ambient for 24h with 8 fold of 
SO3-pyridine complex before high temperature was applied. 
c. Both 1H-NMR and elemental analysis were applied to calculate the D.S. at C6 position, 
whereas only elemental analysis was used to estimate the D.S. at C3. 
d. The product was not water soluble.  















(h) NMR E.A. E.A. 
SC6-0d 6 4 12 ← N.D. → N.D. N/A 
SC6-53 6 8 36 ← N.D. → 53 47 N/A 
SC6-74 6 r.t. 12 ← N.D. → 74 69 N/A 
SC6-81 6 r.t.  24 ← N.D. → 81 80 N/A 
SC6-100 8 r.t. 24 ← N.D. → 100 93 N/A 
SC36-5 8 r.t. 24 8 45 12 100 5 
SC36-14 8 r.t. 24 8 55 12 100 14 
SC36-34 8 r.t. 24 8 65 12 100 34 
SC36-48 8 r.t. 24 8 75 24 100 48 
SC36-52 8 r.t. 24 20 90 1 100 52 
SC36-65 8 r.t. 24 20 75 6 100 65 
SC36-74 8 r.t. 24 20 65 12 100 74 
SC36-84 8 r.t. 24 20 70 12 100 84 
SC36-91 8 r.t. 24 20 75 12 100 91 
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The selectivity of the reaction at low temperature is consistent with an earlier report 
suggesting the higher reactivity of the C6 position to the C3 position in the chitin unit 
by Terbojevich et al. [15]. 
 
3.3.3 Calculation of the degree of substitution (D.S.) of 6-O-sulfated-chitin 
Elemental analysis is the most common method used for the calculation of D.S. of 
sulfated-chitins [2-5, 7].  The ratio of sulfur to nitrogen was applied to estimate the D.S.  
However, several factors make elemental analysis a less desirable method.  First, the 
sample requirement is rather stringent, i.e. the samples must be pure and free of 
moisture and other contaminants.  Second, the D.S. calculated by elemental analysis 
can only reflect the overall substitution degree as the D.S. at specific positions is not 
differentiated. 
 
Similar to the D.A. evaluation, liquid 1H-NMR was used in this study to estimate the 
D.S. of sulfated-chitin.  Due to the overlapping of several proton signals, 1H-NMR 
has been regarded as less effective and valuable in the structural characterization of 
polysaccharides.  In this study, the assignment of the 1H-NMR spectra was assisted 
by 2D proton detected one bond 1H-13C HMQC experiments.  Figure 3.3 shows the 
HMQC spectrum of a partially substituted 6-O-substituted sulfated-chitin.  Due to 
the de-shielding effect of the electronegative sulfate group, two protons on the 
substituted C6 shifted downfield to 4.0 and 4.2 ppm respectively and were well 
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resolved from other proton peaks in the sugar ring.  Protons of the unsubstituted C6 













Figure 3.3 HMQC of partially substituted 6-O-sulfated-chitin (D.S.=53%) in D2O 
 
The D.S. was calculated by using the integration of proton peak of H6S and H1 
(H1≈H1A): 
D.S. = (H6) /H1A 
The reason for not choosing the methyl group as reference peak was because of the 
possibility of trace residual acetone influencing the accuracy of the integration.  The 

































well resolved spectrum.  Under this acidic environment, all the peaks shifted upfield 
about 0.2 ppm and the signal of H1A was therefore well resolved from the HOD peak.  
Figures 3.4a to 3.4c present the 1H-NMR spectra of 6-O-sulfated-chitins with D.S. of 










Figure 3.4a 1H-NMR of SC6-53 in 10% DCl/D2O at 300K 
 
The D.S. results obtained by 1H-NMR were compared to those obtained by elemental 
analysis (Refer to Table 3.2).  The D.S. of SC6-53, 74, 81 and 100 obtained by 
1H-NMR method differed correspondingly by 11%, 4%, 1.2% and 7% for elemental 
analysis.  The deviation in results obtained by the two methods is attributed to the 
atmospheric moisture.  Although all the samples were dried at 110oC overnight 
before elemental analysis, absorption of moisture during the transferring and 
weighing of samples is still inevitable due to the hydroscopic nature of 















D.S. = 53% 
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3.3.4 Sulfation at the C6 and C3 positions  
The sulfation of chitin at the C3 and C6 positions was accomplished by a two-step 
reaction.  The chitin was first converted to the 6-O-sulfated chitin (D.S.≈1) at room 
temperature followed by sulfation at the C3 position at higher reaction temperature.  
The purpose of utilizing the two-step reaction instead of direct sulfation at high 
temperature was to avoid the possible structural heterogeneity caused by incomplete 
sulfation at the C6 position.  At high temperatures, sulfation proceeds at the C3 and 
C6 positions concurrently.  When the total D.S. was above 1.2~1.3, a gel formed and 
the reaction became semi-heterogeneous.  This probably led to the incomplete 
substitution at both positions, rendering subsequent structural characterization 
difficult.  The two-step reaction ensured that the C6-OH sites were completely 
sulfated under homogeneous conditions first, obviating structural ambiguity of the 
D.S. at the C6 position. 
 
In contrast with 6-O-sulfation, 3-O-sulfation could only be accomplished under higher 
temperatures.  The data in Table 3.2 indicates that although reaction time, reaction 
temperature and concentration of sulfating reagent all affected sulfation at the C3 
position, reaction temperature was the most crucial parameter.  Sulfation at the C3 
position was not feasible at room temperature or lower.  Only when the reaction 
temperature was above 45oC, was sulfation at the C3 position observed.   
 
The other two parameters, the concentration of sulfating reagent and reaction time 
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were found to be important for controlling the D.S. at the C3 position.  For the same 
reaction temperature, a longer reaction time and higher concentration of sulfating 
agent yielded higher degrees of substitution.  An 8 fold of sulfating reagent gave a 
derivative with 48% of D.S. at the C3 position after 24h reaction at 75oC.  For the 
same temperature and reaction time, a 20 fold of sulfating reagent can gave 91% D.S. 
at the C3 position.  By adjusting the three parameters, the D.S. at the C3 position can 
be varied from 0.05 to 0.91.  It is noted that sulfation at the C3 position was not as 
smooth as that at C6 due to the formation of a gel in the course of the reaction.  With 
increasing substitution, the chitin derivative became progressively less soluble in the 
reaction solvent (5% LiCl/DMAc) until it gelled.  
 
The 1H-NMR spectrum of 3, 6-O-disulfated-chitin was more complicated than 
6-O-sulfated-chitin because of severe peak overlaps and was deemed unsuitable for 
determining the D.S.  Elemental analysis was used to estimate the D.S. of the 3, 
6-O-disulfated-chitin with the calculation based on the assumption that the C6 
position was fully sulfated. 
 
3.3.5 Structural investigation of 6-O-sulfated-chitin and 3, 
6-O-disulfated-chitin by 2D HMQC NMR 
The structures of 6-O and 3, 6-O-disulfated-chitins were characterized by 1H-, 
13C-NMR and 2D HMQC NMR.  Figure 3.3 presents the HMQC spectrum of 
6-O-sulfated-chitin with 53% D.S.  Due to the direct connectivity with the sulfate 
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group, the 13C peak signals of substituted C6 shifted downfield to 66 ppm, whereas 
un-substituted C6 was found at 60 ppm.  The sulfation of C6 also affected other 
carbons in the sugar ring.  The peak at 74 ppm was assigned to the C5 in the 
un-reacted pyranose unit because of its correlation with high field proton at 3.4 ppm 
that should belong to a proton at the un-substituted unit.  The C5 at the substituted 
pyranose unit was found to shift upfield to 72 ppm and formed one peak with C3.  
The cross peak relating to C4 was split into two, reasonably assigned as C4 in the 
6-O-sulfated unit and un-substituted pyranose unit.  Substituted and un-substituted 
C4 were not well resolved in the 13C-NMR spectrum due to the small differences in 
chemical shifts, but the obviously broadening peak suggests the existence of two 
























Figure 3.5 HMQC spectrum of fully substituted 6-O-sulfated-chitin (D.S.≈100%) 
 
Figure 3.5 shows the HMQC spectrum of the completely substituted 
6-O-sulfated-chitin.  The disappearance of un-substituted C6 and C5 peaks at 60 and 
72 ppm verified the complete conversion of chitin to 6-O-sulfated-chitin.  The 
chemical shifts of the C1 to C4 carbon peaks were identical with those in Figure 3.3.  
In contrast, the proton signals for H1, H2 and H4 all shifted downfield c.a. 0.1 ppm, 
suggesting that the deshelding effect of 6-O-sulfation affects both the neighboring 











































Figure 3.6 HMQC spectrum of 3,6-O-disulfated-chitin (D.S. at C3 = 52%) 
 
In contrast to 6-O-sulfation, sulfation at the C3 position had more striking effects on 
the chemical environment of the sugar ring, reflected by the much more complicated 
structures of the resulting 3, 6-O-disulfated-chitin.  6-O-sulfation mainly affected the 
C6 and C5 positions and negligibly the C1 to C4 positions.  Sulfation at the C3 
position affected almost all the atoms in the sugar ring and led to structural variation.  
Figure 3.6 presents the HMQC spectrum of 3, 6-O-disulfated-chitin with 0.52 and 1.0 
of D.S. at C3 and C6 respectively.  The carbon peak at 79 ppm correlated with two 

































assigned as the H4 in 6-O-sulfated (6S) units, while the proton at 4.4 ppm was 
assigned to H3 in the 3, 6-O-disulfated (36S) sugar units.  Therefore, the carbon 
peak at 79 ppm actually contained two types of carbons: the C4 of 6S unit and the C3 
of the 36S sugar unit.  The new emerging carbon peak at 75 ppm was assigned to C4 
in the 3, 6-O-sulfated-unit.  This upfield shift was consistent with the influence of 
sulfation at C6 on the neighboring C5 (Figure 3.3).  The carbon peak at 73 ppm is 
composed of three types of carbons: C3 and C5 in 6S unit and C5 in 36S unit.  The 
carbon peak at 55 ppm representing the C2 showed correlation with two types of 
protons and the one at low field belonged to the 36S sugar unit.  Although there is a 
two bond distance from C3, the C1 carbon was found to split into two peaks due to its 
sensitivity to the change in chemical environment.  The carbon peak at 99 ppm was 
assigned as the C1 carbon in the 36S unit.  In contrast to carbon signals, almost all 
the proton signals of the sugar ring shifted downfield after 3-O-sulfation.  The H3 
signal shifted downfield noticeably c.a. 0.6 ppm due to the direct connectivity with 
the sulfate group.  Two closely neighboring protons, H4 and H2 shifted downfield by 
0.2 ppm.  H1 and H5 were found to shift downfield 0.1 ppm, whereas the H6 showed 



















Figure 3.7 HMQC spectrum of 3, 6-O-disulfated-chitin with (D.S. at C3 = 91%) 
 
Figure 3.7 shows the HMQC spectrum of the 3, 6-O-disulfated-chitin with 0.91 of 
D.S. at the C3 position.  The minor peak at 101 ppm in the 13C-NMR spectrum and 
3.5 to 3.6 ppm in the 1H-NMR confirmed the presence of unsubstituted C3-OH.  The 
carbon peaks of C1 to C6 were found at 99, 55, 79, 76, 73 and 66 ppm respectively.  
In contrast with the sample with low D.S. (Figure 3.6), the carbon peaks of highly 
substituted 3,6-O-disulfated-chitin were comparatively narrower and the peak split 






































3.3.6 Structural variation reflected by the H1 and CH3 regions of the 1H-NMR 
spectrum 
The majority of the proton signals of sulfated-chitin were aggregated in a narrow 
range, making them of little value.  However, the H1 is known to be sensitive to 
structural variation, is well resolved from the other protons and therefore can provide 














Figure 3.8 1H-NMR spectra of sulfated-chitins in D2O at 360K 
 


















to 1.91.  The high temperature was applied to resolve H1 from HOD.  The H1A of 
SC6-100 was at 5.28 ppm, representing the typical H1A resonance of 
6-O-sulfated-chitin with D.S from 0.53 to 1.0.  The sulfation at the C6 position did 
not cause a split of the H1A.  This could be attributed to the extended distance 
between the H1 and H6 that weakens the effects of 6-O-sulfation on H1. 
 
A weak shoulder peak was observed at the region of 5.35 to 5.43 ppm in SC36-5 and 
was assigned as the resonance of H1A in the 36S unit.  Compared with the minimal 
effect of 6-O-sulfation on the H1A, 3-O-sulfation caused a noticeable downfield shift 
of H1A even with very low sulfate content.  The complicated multiple peaks in this 
region revealed the random distribution of the 36S units in the polymer chain at the 
initial stage of 3-O-sulfation.  Varum et al reported [22] that C1 was not only sensitive 
to the structural change of the sugar ring, but the sequence of the neighboring sugar 
units.  A similar rule could also be applicable to H1.  When the D.S. at C3 was low, 
the 36S-6S sequence is the dominant sequence for 36S units.  However as the 
percentage of 36S units increases in the polymer chain, dominance gradually changes 
to the 36S-36S sequence.   
 
When the D.S. at C3 goes above 50%, the H1A36S signal become well resolved into 
two different sequences at 5.37 and 5.43 ppm respectively.  Similarly, the increasing 
percent of 36S units also changes the distribution sequence of the H16S from 6S-6S to 
6S-3S.  When the D.S. at C3 is above 50%, the 6S-36S sequence becomes dominant 
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and the intensity of the resonance of H1A6S-6S at 5.28 diminishes, whereas the 














Figure 3.9 1H-NMR spectra in the region for -CH3 region resonance of 
sulfated-chitins at 360K in D2O 
 
The CH3 of the amide group was also evaluated to understand the impact of sulfation 
on structural changes.  In contrast to the H1A, sulfation at the C6 position caused a 
noticeable shift of the HCH3 signal.  In Figure 3.9, the resonance of the HCH3 in the 6S 


















ppm and 2.68 ppm respectively.  The intensities of the two types of peaks varied 
with D.S. but the chemical shifts showed little difference.  Compared to 
6-O-sulfated-chitin, introduction of the 3-O-sulfate group not only resulted in the 
change in the intensities of the CH36S and CH336S, but the chemical shifts varied with 
the D.S.  The resonances of the CH36S and CH336S were found at 2.713 and 2.705 
ppm when the D.S. was below 50%, but shifted to 2.688 and 2.680 ppm respectively 
when the D.S. rose above 50%.  The obvious upfield shift suggests that the crossover 
point in chemical environment for sulfated-chitin occurs when the D.S. at the C3 
position was around 50%.  This finding is consistent with what was observed in the 
H1A spectra (Figure 3.8). 
 
In conclusion, sulfation at the C6 and C3 positions proceeded in a controllable manner 
and sulfation at the two positions affected the structural features of the sulfated-chitins 
differently.  Sulfation at the C3 position resulted in more structural variety than 
6-O-sulfation.  Both 6-O sulfated-chitin and 3, 6-O-disulfated-chitin structurally 
heterogeneous at low D.S. but became more structurally homogeneous and uniform 
with increasing D.S.  The obtained 13C-NMR spectra of completely substituted 
6-O-sulfated-chitin and 3, 6-O-disulfated-chitin were similar with previous reports 
(Gamzazade et al 1997, Hirano et al 1991, Terbojevich et al 1989). 
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3.3.7 FT-IR spectrum of sulfated-chitin 
FT-IR spectra of chitin and sulfated-chitins are presented in Figure 3.10.  Compared 
with chitin, the typical absorbance of SO2 and C-O-S in sulfated-chitins were found at 
1230-1240 and 810 cm-1 respectively.  There was little difference observed between 
sulfated-chitins of different D.S. 
 





























Figure 3.10 FT-IR spectra of sulfated-chitins with different D.S. 
 
3.3.8 The Effect of Reaction Conditions on Structural Integrity 
It is known that the molecular weight of sulfated polysaccharides can affect their 
anticoagulant activity.  The best studied example is heparin.  Low molecular weight 







unfractioned heparin [23].  In this study, gel permeation chromatography (GPC) was 
applied to investigate the effect of reaction conditions on molecular weight.   
 
Table 3.3 Molecular weights and polydispersity of sulfated-chitins 
*  All SC36 samples were first sulfated at ambient for 24h with 8 fold 
of sulfating reagent. 
 
The effect of reaction conditions on molecular weight (Mw) of sulfated-chitin is 
Reaction Conditions Product
*  Temp (oC) Time (h) 
Mw× 104 Mn× 104 Polydispersity Yield (%) 
SC6-53 8 36 24.11 9.84 2.45 92 
SC6-74 r.t. 12 24.07 10.01 2.39 90 
SC6-81 r.t. 24 24.20 9.89 2.46 95 
SC6-100 r.t. 24 23.94 10.34 2.32 89 
SC36-5 45 12 23.68 10.12 2.34 93 
SC36-14 55 12 23. 16 9.98 2.32 89 
SC36-34 65 12 22.39 9.26 2.42 88 
SC36-48 75 24 16.60 8.10 2.05 69 
SC36-52 90 1 22.79 9.70 2.35 77 
SC36-65 75 6 22.20 9.30 2.39 90 
SC36-74 65 12 22.24 8.90 2.49 87 
SC36-84 70 12 22.32 9.41 2.37 88 
SC36-91 75 12 19.99 8.33 2.40 85 
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summarized in Table 3.3.  Due to the mild property, the effect of sulfating reagent, 
sulfur trioxide-pyridine complex, was not considered. 
 
The data in Table 3.3 indicates that the molecular weight (Mw) of the samples 
obtained at ambient or lower temperatures (SC6-53, SC6-74, 81 and 100) were similar, 
indicating that reactions at ambient or lower temperatures caused little chain scission 
even with prolonged reaction times.  The average Mw (240,800 Dalton) of these 4 
samples could be roughly regarded as the Mw of the original chitin.   
 
As the reaction temperature was increased, depolymerization began to be manifested.  
The Mw of SC36-5, SC36-14 and SC36-34 obtained at 45, 55 and 65oC respectively 
with 12h of reaction decreased moderately by 2%, 4% and 7.0% respectively in 
contrast to that obtained at low temperature.  Reactions at 75oC caused the sharpest 
decrease in molecular weight.  SC36-65, SC36-91 and SC36-48 obtained from 6h, 
12h and 24h reaction respectively at 75oC had Mw decreases of 8%, 17% and 31%.  
Therefore, elevated temperatures do cause severe chitin depolymerization during 
sulfation by sulfur trioxide-pyridine complex in 5% LiCl/DMAc.  In particular, chain 
scission was greatly accelerated when the reaction temperature was above 75oC.  
The mechanism of depolymerization could be thermal degradation or chain scission 
by weak acidity caused by the sulfating reagent.  It is notable that elevated 
temperatures also resulted in lower product yields.  SC36-48 and SC36-52 obtained 
at 75oC and 90oC respectively had yields of 69% and 77%, noticeably lower than 
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samples obtained from reactions at lower temperatures.  The decrease in yield was 
most likely attributed to the increasing portion of lower molecular weight 
sulfated-chitin being produced that was eliminated during dialysis.  The 
polydispersity (Mw/Mn) of all the samples showed little difference except for 
SC36-48 due to its low molecular weight. 
 











Figure 3.11 Coagulation cascade [24] (Copyright 1996 M.W. King) 
 
Blood coagulation is a complex process that changes circulating substances within the 




blood.  The complex series of biological events in blood coagulation is summarized 
as the coagulation cascade, illustrated in Figure 3.11[24]. 
 
Coagulation can be initiated by two pathways: intrinsic and extrinsic.  Both 
pathways converge at factor X, from which a common pathway in the progression of 
coagulation proceeds.  Anticoagulants are substances that may inhibit or delay blood 
clot formation and are mainly used to prevent blood coagulation in certain situations, 
such as blood-vessel surgery, open heart surgery and stroke treatment, etc.  Heparin, 
a naturally sulfated polysaccharide, is the most widely used anticoagulant.  Many 
studies have been conducted to synthesize heparin-like polysaccharides (termed 
heparinoids) for anticoagulation application.  One family of these synthetic 
polysaccharides is attributed to sulfated-chitins and chitosans.   
 
Much effort has been put into the study of the structure-activity relationship of 
sulfated-chitins and chitosans.  In general, the presence of the sulfate group is 
essential for the anticoagulation activity.  The position of the sulfate group is also 
critical for the anticoagulation activity.  N-sulfated chitosan and 3-O-sulfated-chitin 
has no activity [5, 10], while 3, 6-O-sulfated-chitin and fully sulfated chitosan was 
found to have a 2 fold and 45% anticoagulation activity over that of heparin 
respectively [25, 26].  Compared with the wide study of structure-activity relationship, 
the relationship between the degree of sulfation (D.S.) and anticoagulant activity has 
rarely been reported.  This situation is probably due to the lack of the proper method 
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to prepare sulfated-chitins with various D.S.  Therefore, in this study, the effect of 
the D.S. on anticoagulation activity of sulfated-chitins is elaborated.  
 
3.3.9.1 Activated partial thromboplastin time (APTT) and thrombin time (TT) 
APTT and TT are the two most frequently used assays for monitoring heparin or 
heparinoid anticoagulation performance.  APTT measures the inhibiting efficiency 
of an anticoagulant for the intrinsic pathway, contact activation and common 
pathways.  TT is the most sensitive screening assay for the decrease of or 
abnormalities in fibrinogen.  In this study, heparin (Sigma, 181IU/mg) was used as 
the standard to evaluate the anticoagulation activity of sulfated-chitins.  To 
quantitatively evaluate the anticoagulation activity of sulfated-chitins, standard curves 
of heparin-APTT and heparin-TT were first obtained. 










 Exponential simulationData: APTT
Model: ExpDec1 
Equation: y = A1*exp(-x/t1) + y0 
  
Chi^2/DoF = 0.71921
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Figure 3.12 The dependence of APTT on different heparin concentrations 
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For the APTT assay of the heparin standard, 0.3 ml of citrated human PPP was diluted 
with heparin solution and a series of plasma solutions with heparin were prepared.  
The concentration of heparin in plasma varied from 0.05 to 0.5 IU/ml.  The 
dependence of APTT on the heparin concentration was checked via an exponential 
approximation (Figure 3.12) [27].  The equation was: 
TAPTT = 17.72e3.23C+16.11 
TAPTT is the time to form a clot for the samples, while C is the concentration of the 
heparin solution.  The correlation coefficient was found to be R2 = 0.9992.  Each 
evaluation was performed in duplicate.  Due to the small standard deviation (< 1% of 
mean value), the results were presented as mean only. 
 












Equation: y = A1*exp(-x/t1) + y0 
Chi^2/DoF = 1.76021
















Figure 3.13 The relationship of TT with different heparin concentrations 
 125 
For the TT assay of the heparin standard, 0.3 ml of citrated human PPP was diluted 
with heparin solution and a series of plasma solution with heparin concentration from 
0.1 to 0.5 IU/ml was obtained.  Again, the dependence of TT on heparin 
concentration was checked via exponential approximation (Figure 3.13).  The 
equation was: 
TTT = 3.34e5.91C+12.25 
TTT is the time of clot formation, while C is the concentration of the heparin solutions. 
The correlation coefficient was found to be R2 = 0.9971. 
 
The anticoagulation activity of sulfated-chitins were first screened by APTT and TT 
assays and subsequently converted to heparin activity based on the two functions from 
the heparin standard curves derived above.  For each test, 0.3 ml of citrated human 
PPP was diluted with 100 ul of sulfated-chitin solutions (10ug/ml) and the 
concentration of sulfated-chitins in plasma solution was c.a 2.5ug/ml.  The 
relationship of the anticoagulation activity of sulfated-chitins with D.S is illustrated in 
Figure 3.14.  
 
The shape of the curves in Figure 3.14 indicates that the anticoagulation activity of 
sulfated-chitins was a function of the D.S, in general, the higher the D.S., the higher 
the anticoagulation activity.  The APTT and TT results for SC6-53 (D.S. = 0.53) was 
6.67 and 16.9 IU/ mg respectively, regarded as very low activity.  In contrast, the 
APTT and TT results for SC36-91 (D.S. = 1.91) was 173.1 and 129.1 IU/mg 
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respectively, equivalent to 96% and 71% of heparin activity respectively, indicating 
potent anticoagulation activity. 




























Figure 3.14 Relationship of anticoagulation activity of sulfated-chitins with D.S. 
 
Further evaluation of the data reveals that sulfation at the C6 and C3 positions had 
different effects on the anticoagulation activity of the sulfated-chitins.  All 
6-O-sulfated-chitins showed very low anticoagulation activity.  The anticoagulation 
activity of SC6-100 (D.S. =1.0) was only equivalent to 9% and 12% APTT and TT 
heparin activity respectively.  Increasing the D.S. at C6 did not cause a noticeable 
corresponding increase in anticoagulation activity.  
 
The addition of C3 sulfation to the 6-O-sulfated chitin markedly increased the 
anticoagulation activity of sulfated-chitins.  The anticoagulation activity of SC36-91 
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was almost 10 fold and 6 fold that of SC6-100 with respect to APTT and TT.  
Therefore, the presence of 3, 6-O-sulfate groups was critical for high anticoagulation 
activity.  This finding is consistent with the rule of structure-activity for heparin.  It 
is known that in the critical sequence of heparin (Figure 3.15), the unique 3, 
6-O-sulfate moiety (circled unit) is essential for the anticoagulation activity of heparin.  
Removal of this group resulted in the complete loss of activity.  Similarly, the 







Figure 3.15 The critical pentasaccharide sequence of heparin [28] 
 
Furthermore, Figure 3.14 shows that anticoagulation activity of sulfated-chitins had a 
sharp increase in the D.S. range of 1.34 to 1.65.  This could be attributed to the 
dramatic structural change at this D.S. range.  In Figure 3.8, the intensity of the 
proton (H1A) representing 36S-36S sequence increased dramatically in the range 1.34 
to 1.65.  Therefore, we speculate that instead of a single 3, 6-O-sulfate group 
(abbreviated as 36S), a continuous 36S-36S sequence may be critical for obtaining a 



























(0.05 to 0.34), the 36S was the minor group, randomly distributed on the polymer 
chain (SC36-5, 34, Figure 3.8).  Therefore 36S-6S and 6S-6S was the primary 
sequence on the polymer chain.  Due to the low content of the 36S group in this D.S. 
range, only a modest increase in anticoagulation activity was observed.  However, 
when the D.S. at C3 was increased, the ratio of the 36S-36S sequence on the polymer 
chain gradually increased and when the D.S. at C3 was around 0.5, the 36S-36S 
sequence became significant, correlating with the higher anticoagulation activity 
observed.   
 
Finally, as the D.S. at the C3 position increased further (0.74 to 0.91), the 
anticoagulation activity of sulfated-chitins reverted back to slow increases.  This is 
probably attributed to the saturation of the 36S-36S sequence.  Combining this result 
and the report by Nishimura et al [10] that 3-O-sulfated-chitin had no anticoagulation 
activity, we conclude that single 6-O-sulfated or 3-O-sulfated-chitins do not yield 
potent anticoagulants.  Only when there are sufficient consecutive 36S-36S 
sequences, do sulfated-chitins give rise to high anticoagulation activity.  
 
3.3.9.2 Prothrombin Time (PT) 
Unlike APTT and TT assays, the prothrombin time (PT) was first developed by Quick 
et al. in 1935 to screen extrinsic and common pathway factors (Figure 3.11).  Figure 
3.16 indicates that sulfated-chitins almost had no anticoagulation activity with respect 
to PT.  Although there was a slight increase of PT time with an increase of D.S., the 
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maximum PT difference between sulfated-chitins and the control was less than 3%, 
which is negligible.  This could be explained by the fact that sulfated-chitin, as a 
heparinoid, mainly affects the intrinsic pathway and therefore has little effect on the 
extrinsic pathway. 
 




















Figure 3.16 The relationship of clotting time of sulfated-chitins with the degree 
of substitution 
 
3.3.9.3 Fibrinogen Time (FT) 
Fibrinogen time is used to test the concentration of fibrinogen in plasma, the longer 
the fibrinogen time, the lower the fibrinogen concentration.  Since an adsorption 
phenomenon of plasma proteins occurs when blood contacts the chitosan surface, it is 
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necessary to measure the effect of sulfated-chitins on fibrinogen concentration in 
plasma.  The measure of the fibrinogen concentration could be considered as a 
toxicity evaluation of the sulfated-chitins because the adsorption of fibrinogen 
changes the blood composition adversely.  
 
















Degree of sulfation (D.S.)
 FT
 
Figure 3.17 The relationship of fibrinogen time of sulfated-chitins with the 
degree of sulfation 
 
Figure 3.17 show that all sulfated-chitins did not cause noticeable shortening of the 
fibrinogen time.  The maximum difference of fibrinogen time between 
sulfated-chitins and the control plasma was less than 2%.  Therefore, sulfated-chitins 




A homogeneous synthetic method was established to prepare sulfated-chitins.  Sulfur 
trioxide-pyridine complex was used as the sulfating reagent, while 5% of LiCl/DMAc 
was used as the reaction solvent system.  6-O-sulfated-chitins and 3, 
6-O-disulfated-chitins with different degrees of substitution were obtained.  
 
The reaction temperature proved critical for controlling the regio-selectivity of the 
sulfation.  At room temperature or lower, sulfation was found specifically at the C6 
position.  Reactions at ambient afford products with D.S. from 0.53 to 1 by varying 
the reaction time and concentration of sulfating reagent.  The regio-selectivity of the 
reaction at low temperature could be explained by the different activation energies at 
the C6 and C3 positions.  In contrast with 6-O-sulfated-chitin, 3, 
6-O-disulfated-chitin was only obtained at higher temperatures.  At these 
temperatures, chain scission was accelerated.  Generally, sulfation at the C3 position 
was not as smooth as that at C6, attributed to a higher activation energy requirement 
for the C3 position as well as an accompanying gel formation at advanced stages of 
the C3 sulfation reaction.  The structures of the sulfated-chitins were confirmed by 
1H, 13C NMR and 2D HMQC.  Sulfation at the C3 position gave a more striking 
effect on the chemical environment of the sugar ring than that at the C6 position as 
observed by NMR.  The structure of the resulting 3, 6-O-disulfated-chitins was 
therefore more complicated than that of 6-O-sulfated chitin.  
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The anticoagulation property of sulfated-chitins was evaluated by APTT, TT and PT 
assays.  Similar to heparin, sulfated-chitins were sensitive to APTT and TT assays 
that reflected the intrinsic pathway of coagulation.  The degree of sulfation (D.S.) 
closely correlated to the anticoagulation activity of sulfated-chitins, the higher the 
D.S., the higher the anticoagulation activity.  6-O-sulfated-chitins were found to 
have very low anticoagulation activity.  100% substituted 6-O-sulfated-chitins had 
an anticoagulation activity only equivalent to 9% and 12% of APTT and TT heparin 
activity respectively.  The 3, 6-O-disulfated-chitins were found to have potent 
anticoagulation activity with 3, 6-O-disulfated-chitin (D.S. = 0.91) equivalent to 96% 
and 72% of APTT and TT heparin activity respectively.  The high anticoagulation 
activity of 3, 6-O-disulfated-chitin was attributed to the presence of the 3, 6-O-sulfate 
groups (36S) on the sugar ring.  
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Chapter 4 N-itaconyl-sulfated-Chitosan and its hydrogel  
 
4.1 Introduction 
A hydrogel is a three dimensional network of hydrophilic polymers swollen in water. 
The crosslinked nature of hydrogels makes them insoluble but swollen in aqueous 
media [1, 2].  Hydrogels can be classified into many types according to different 
criteria.  For example, depending on the nature of the crosslinking, hydrogels can be 
divided into chemical and physical gels, or hydrogels can be differentiated as 
homopolymer and copolymer networks based on composition methods [3].  Hydrogel 
can absorb large amount of water and thus resemble a biological tissue. Moreover, 
due to high water content, hydrogel shows low cytocicity [3, 4] and this has resulted in 
their extensive use in biomedical and pharmaceutical applications [5-7]. 
 
Early studies of hydrogels focused mainly on their swelling-shrinking properties 
common to all hydrogels.  However, Park [2] pointed out, “by merely having the 
swelling-shrinking property does not make any particular hydrogel of great interest”.  
More recent studies of hydrogels have focused on developing hydrogels with 
additional functions.  One important type of functional hydrogels is assigned to the 
biomedical hydrogels that have been used for a large range of biomedical applications, 
such as drug delivery and  [8-13].  
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One attractive group of biomedical hydrogels are the anticoagulant hydrogels that 
were originally developed to meet the need in the production of antithrombogenic 
materials.  Jozefonvic et al. [14, 15] first reported the preparation of a hydrogel 
containing crosslinked dextran sulfate.  The side chain of dextran was modified to 
attach methylcarboxyl, benzylamine, sulfonated benzylamine and α-amino acids.  
The introduction of amino acids served as the crosslinker to form the hydrogel.  The 
anticoagulation activity of the hydrogel was correlated closely to the swelling ratio, 
controlled by the chemical structure and content of amino acids.  A higher swelling 
ratio resulted in a higher anticoagulation activity.  When swelling ratio was in the 
range 8 to 11, the anticoagulation activity increased markedly.  More recently, 
Crescenzi et al. [16] reported the preparation of hydrogel based on sulfated hyaluronan 
(HA).  HA was first partially N-deacetylated followed by selective sulfation and 
finally crosslinked via Ugi condensation.  The N-sulfated HA showed anticoagulant 
activity equivalent to half that of heparin activity and was better than the O-sulfated 
HA.  The anticoagulation activity of the resulting hydrogel was not reported.  
Duncan et al. [17] prepared anticoagulant hydrogels by immobilizing heparin to the 
poly (2-hydroxyethyl methacrylate) hydrogel.  Statistically significant differences in 
APTT and TT were observed between the heparinized hydrogel and unmodified 
hydrogel.  
 
Although these hydrogels showed an extent of anticoagulation activity and good 
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biocompatibility, the subsequent application of these hydrogels as blood contacting 
materials was difficult due to their poor mechanical properties.  One way to improve 
mechanical performance is to immobilize these hydrogels onto the surface of 
synthetic polymers.  The modified material should have an antithrombogenic effect 
with the mechanical strength of synthetic polymer.  One of the examples is the 
hydrogel coated Foley catheter [18].  However, it is quite difficult to immobilize the 
hydrogel unless there is specific covalent bonding between the hydrogel and substrate 
materials.  One method of achieving this is to have an interface coat, via for example, 
surface graft polymerization [19] requiring the presence of photocrosslinkable groups 
(e.g. vinyl group).  To our knowledge, very few studies have been done on the 
preparation of materials possessing both anticoagulation and photocrosslinkable 
properties.  Therefore, the preparation of a photocrosslinkable anticoagulant was 
particularly attractive. 
 
Sulfated-chitosan has also been extensively studied and its anticoagulation activity 
evaluated [20-22].  In this study, the preparation of a chitosan-based photocrosslinkable 
anticoagulant was achieved and its anticoagulation evaluated.  By introducing the 
photocrosslinkable functional group to sulfated-chitosan, the resulting derivative 





4.2.1 Materials  
Chitosan powder of 100 mesh size was purchased from Biolife® (Thailand).  Further 
N-deacetylation of chitosan was accomplished by alkaline treatment at 110oC for 2h 
under a nitrogen purge.  The D.A. and weight average molecular weight (Mw) of the 
purified chitosan powder were 0.6% and 16,000 Da as estimated by 1H-NMR and gel 
permeation chromatography respectively.  Dialysis tubing having a molecular weight 
cut-off of ~ 12,000was purchased from Sigma Aldrich Co. (Lot. D9527).  N, 
N-dimethylacetamide (DMAc, Aldrich) was of HPLC grade.  Deuterium oxide 99.8% 
(Lot. 1.13366) was purchased from Merck Co. and deuterium chloride was purchased 
from Sigma (Lot. 120H5953).  Irgacure 2959 (Ciba Specialty Chemicals Co. Ltd., 
Basel, Switzerland) was used as photoinitiator.  Itaconic anhydride (Fluka, 
Lot.59960) and sulfur trioxide-pyridine complex (Aldrich, Lot.S7556) were of reagent 
grade.  Poly-acrylonitrile was purchased from Aldrich (Lot.18131-5).  Mili-Q water 
was obtained by via Ultra Pure Water System (Barnstead).  All other chemicals were 
reagent grade and used without further purification. 
 
4.2.2 General methods 
IR spectra were recorded with a BIO-RAD Excalibur Series FT-IR spectrometer.  
Scanning electronic microscopy (SEM) was performed on a Jeol JSM-5200.  1H- and 
13C-NMR spectra were recorded on an AV 500 (Bruker) NMR spectrometer while 
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HMQC NMR experiments were performed on a DRX 500 MHz Bruker NMR 
spectrometer.  Elemental analysis was performed by the Microanalytical Laboratory, 
Department of Chemistry, National University of Singapore using a Perkin Elmer 
Series 2400 C, H, N, S analyzer.  GPC (Gel Permeation Chromatography) was used 
to estimate the molecular weight profile.  The set-up comprised of three Polymer 
Lab columns in series (PL aquagel-OH), a Waters HPLC pump type 515, and a 
refractive index detector Waters 410.  Polymer solutions were filtered through 
0.45um millipore® filters.  Pullulan (Shodex®) and 0.33M acetic acid/0.1M sodium 
acetate were used as standards and eluent respectively. 
 
4.2.3 Preparation of N, 3, 6-O-sulfated-chitosan 
Chitosan was solvated by the method of Gamzazade et al. [21] and sulfated by sulfur 
trioxide-pyridine complex.  The procedure used is described as follows: 1 g of purified 
chitosan was dissolved into 100 ml of 1% acetic acid solution.  To the resulting 
solution was added dropwise 0.01 M NaOH aqueous solution dropwise till neutral pH. 
The chitosan precipitate was washed thoroughly with deionized water and 
subsequently washed with methanol and DMAc.  The final product was suspended 
in 50 ml of DMAc.  To the chitosan/DMAc suspension was added sulfur 
trioxide-pyridine complex/DMAc solution (8g/50ml).  The reaction was allowed to 
proceed at ambient for 48h.  The sulfated-chitosan was precipitated by acetone at the 
end of the reaction.  The resulting precipitate was re-dissolved in 60 ml of water and 
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the pH of the solution adjusted to 8.  The solution was subject to dialysis against 
water for 3 days and the dialyzed solution concentrated and lyophilized. 
 
4.2.4 Itaconylation of chitosan 
0.5 g of chitosan was dissolved in 50 ml of 1% acetic solution.  The obtained solution 
was diluted with 100ml of methanol and subsequently added with a given volume of 
itaconic anhydride methanol solution dropwise.  After overnight reaction, 100 ml of 
acetone was added into the reaction mixture and the precipitate was collected by 
filtration and re-dissolved in 50 ml of deionized water.  After adjusting the pH to 8, the 
solution was dialyzed against water for 3 days and lyophilized.  The final product was 
stored at -20oC in a sealed bag. 
 
4.2.5 Preparation of Itaconyl-sulfated-chitosan 
0.5 g of sulfated-chitosan and a given amount of itaconic anhydride were dissolved in 
20 ml of deionized water and methanol separately.  To the sulfated-chitosan solution 
was added the itaconic anhydride/MeOH solution dropwise.  The reaction proceeded 
at ambient for 3h and was quenched by the addition of 50 ml of acetone.  The 
precipitate was collected by filtration and re-dissolved in 30 ml of deionized water.  
After adjusting the pH to 8, the solution was dialyzed against water for 3 days and 
lyophilized.  The final product was stored at -20oC in a sealed bag.  
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4.2.6 Photo-polymerization of itaconyl-sulfated-chitosan 
A pre-determined concentration of itaconyl-sulfated-chitosan in deionized water was 
prepared.  To the resulting solution was added 5% (wt%) of the photoinitiator, 
Irgacure 2959.  After complete dissolution of the photoinitiator, 2 ml of the solution 
was cast onto a mold (4cm×4cm×1cm) and polymerized at 365nm UV light for 30 min 
to ensure complete crosslinking.  
 
4.2.7 Swelling test of itaconyl-sulfated-chitosan hydrogel 
After photopolymerization, the hydrogel was rinsed in water for 24h and dehydrated 
at room temperature.  The xerogel (dry hydrogel) was weighed and incubated in PBS 
(0.01M, pH=7.4) at 37oC for 48h.  The weights of swollen and dry samples were 
represented as Ws and Wd respectively.  The swelling ratio (S.R.) of the hydrogel 
was calculated using the equation: S.R. = (Ws-Wd)/Wd.  The test was performed in 
triplicate.  
 
4.2.8 In vitro enzymatic degradation of itaconyl-sulfated-chitosan hydrogel 
The in vitro enzymatic degradation of itaconyl-sulfated-chitosan hydrogel was 
performed in 2 ml of phosphate-buffered solution (PBS, pH=7.4) at 37oC containing 
1.5 ug/ml and 150 ug/ml of lysozyme (hen egg-white, Sigma-Aldrich, Lot. L6876).  A 
hydrogel of known weight was incubated in the lysozyme PBS solution (pH=7.4) at 
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37oC with gentle mechanical agitation during the experiment.  The lysozyme solution 
was refreshed every two days to ensure continuous enzyme activity.  After 3, 7, 14 and 
28 days, the hydrogel was removed from the solution, washed gently with deionized 
water and weighed as the swollen state.  Control chitosan samples were stored in PBS 
solution for 14 days.  All the enzymatic degradation experiments were performed in 
triplicate. 
 
4.2.9 Preparation of polyacrylonitrile (PAN) membrane and surface 
modification of PAN membrane 
PAN membrane was prepared by the phase inversion method.  Briefly, the PAN 
solution (10 wt% in DMF) was cast on a glass plate and immersed into deionized water 
(pH=7) to form a flat membrane.  The resulting membrane was rinsed with deionized 
water for 24h to remove the residue of DMF.  
 
4.2.10 Immobilization of itaconyl-sulfated-chitosan onto PAN membrane 
The given volume of itaconyl-sulfated-chitosan solution containing 5% of 
photo-initiator was cast on a PAN film and polymerized at 365nm UV for 15 min.  The 
membrane was subsequently rinsed and incubated in deionized water for 72h with 
gentle mechanical swirling to remove non-crosslinked materials and photo-initiator.   
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4.2.11 Anticoagulation assays 
Citrated human platelet-poor plasma (PPP) was purchased from Dade, Germany (Lot. 
B4244-10).  The plasma powder was reconstituted by Mili-Q water before use.  
Innovin (B4212-50), Actin FSL(B42192), thrombin reagent (B4233-25) and 
thromboclotin (281007) were all purchased from Dade, Germany and used for 
prothrombin time (PT), activated partial thromboplastin time (APTT), fibrinogen time 
(FT) and thrombin time (TT) assays respectively.  The assays were conducted 
according to the manufacturer’s instruction using an automated blood coagulation 
analyzer (CA-540, Sysmex Corp, Kobe, Japan).  
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4.3 Results and Discussion 
4.3.1 Sulfation of chitosan 
The residual acetyl group in chitosan may cause structural heterogeneity and 
difficulty in structural characterization.  To minimize the influence of the acetyl 
group, raw chitosan material was further N-deacetylated by concentrated sodium 
hydroxide solution at 110oC.  Nitrogen was used to prevent the oxidation of chitosan 
during N-deactylation.  Figures 4.1 and 4.2 present the 1H-NMR spectrum of 
chitosan material before and after N-deacetylation.  The degree of acetylation (D.A.) 
results was double-checked with two different equations [23].   
 
Equation 1 used the proton signal of H2 and the methyl group at acetyl group and 
represented as: 
D.A. = (ICH3/3) / (ICH3/3+IH2) Equation 1 
 
Equation 2 used the proton signals of H1NH2 and H1NHAc and represented as: 
D.A. = (IH1-NHAc) / (IH1-NHAc+IH1-NH2) Equation 2 
 
The D.A. of raw chitosan was found to be 6.3% and 5.5% as calculated by equations 1 
and 2 respectively.  The small difference between the two methods suggests that both 
methods are equally suitable for the calculation of D.A.  For convenience, the D.A. 
was calculated using Equation 1 giving a D.A. for N-deacetylated chitosan of c.a. 
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0.66%.  The low D.A. value means that any contribution of the acetyl group could be 
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Figure 4.2 1H-NMR spectrum of N-deacetylated chitosan (1% DCl/D2O) at 353K 
CH3 




As in the sulfation of chitin in chapter 3, sulfur trioxide-pyridine complex was chosen 
as the sulfating reagent to prepare sulfated-chitosan.  The reaction procedure 
followed the sulfation of chitin.  Since chitosan was not soluble in organic solvent, it 
was necessary to make it pre-swollen in DMAc to improve the efficiency of the 
reaction.  The reaction is presented in Scheme 4.1.  Although the reaction started 
heterogeneously, the final mixture became homogeneous as the reaction progressed 
with increasing degree of sulfation.  This can be explained by the fact that the sulfur 
trioxide-pyridine group is a hydrophobic group that improves the solubility of 





Scheme 4.1 Sulfation of chitosan by sulfur trioxide-pyridine complex.  
 
The structure of sulfated-chitosan was verified by both 2D HMQC NMR (Figure 4.3) 
and 1D NMR (Figure 4.4 and 4.5).  In Figure 4.3, the proton peak at 4.40 was 
correlated to two types of carbon.  One was attributed to sulfated C6, while the other 
must be sulfated C3 due to the unusual high chemical shift, indicating direct 
connectivity with an electronegative group.  Therefore, the obtained 
sulfated-chitosan should be N, 3, 6-O-trisulfated-chitosan.  However, this finding is 
contrary to the observed selectivity of chitin sulfation by sulfur trioxide-pyridine 















complex at room temperature which is specifically at the C6 position (refer chapter 3).  
A possible explanation could be that the presence of free amino groups in chitosan 
activated the C3-OH facilitating sulfation at C3 even at room temperature.  It is 
known that free amino groups and the C3-OH can chelate with metal ions and form 
stable complexes.  Similarly, we believe that sulfur trioxide can bind with the 
C3-OH and NH2 group to form a 5-membered ring.  The proposed intermediate 
structure of chitosan-sulfur trioxide complex is presented in Figure 4.6.  Therefore, 
the activity of 3-O-sulfation will be equivalent to that of the amino group.  Complete 
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Figure 4.6 Proposed structure of the intermediate of chitosan-SO3 complex.  
 
4.3.2 Itaconylation of chitosan 
Prior to itaconylating N, 3, 6-O-trisulfated-chitosan, the itaconylation of chitosan first 
reported by Sashiwa et al. [25] was first verified to evaluate the feasibility of the 
reaction.  Scheme 4.2 presents the reaction sequence.  The free amino group on 








Scheme 4.2 Itaconylation reaction of chitosan with itaconic anhydride 
 


















4.7 presents the 1H-NMR spectrum of N-itaconyl-chitosan obtained at 353K.  Ha, Hb 












Figure 4.7 1H-NMR spectrum of N-itaconyl-chitosan (D.S.≈62%) in D2O at 353K 
 
In Sashiwa’s paper, the CH2 group of the itaconyl group was differentiated as two 
groups: one at 2.20ppm and another at 3.28 pp.  In our study, the signal at 2.20 ppm 
was not observed.  As the original 1H-NMR spectrum was not provided in Sashiwa’s 
report, it is difficult to account for the difference.  One possible reason could be the 
presence of acetone residues.  By increasing the temperature of the NMR experiment 
to 353K (80oC), the H1 became well resolved from the HOD peak.  Due to 





































































































were assigned as H1 of itaconyl-chitosan unit and H1* at glucosamine unit 
respectively.  
 
It is noteworthy that the intensity of the H2NH2 decreased noticeably after 
itaconylation and the reducing ratio was equivalent to the itaconyl group represented 
by Ha and Hb.  This suggests that itaconylation takes place preferably at the free 
amino group.  However, small shoulder peaks at 5.85 and 5.56 ppm indicates that 
there was still a small amount of 6-O-itaconylation.  This 6-O-itaconylation can be 
completely eliminated with a shorter reaction time. 
 
The degree of substitution (D.S.) of the reaction was calculated by two different 
equations.   
The first equation made use of peaks of H1 and Ha, b and represented as: 
D.S. = [(Ha+Hb)/2] / H1 Equation 1 
The average integration value of Ha and Hb represents the itaconyl group, while H1 is 
representative of the whole chitosan chain.  
 
The second equation uses the peaks of H2NH2 and H1 and is represented as: 
D.S. = (H1-H2NH2) / H1 
The difference between H1 and H2NH2 is equivalent to the number of itaconyl group 
on the free amino group.  
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The D.S. calculated by equations 1 and 2 were 62% and 60% respectively.  The 
slight difference of the two values was attributed to the small amount of 
6-O-itaconylation.  Although a high concentration of itaconic anhydride (10 fold of 
chitosan) and prolonged reaction time (overnight) were applied, the substitution was 
always incomplete.  This was attributed to gel formation during the reaction with 
increasing degree of substitution, leading to incomplete substitution. 
 
4.3.3 Itaconylation of N, 3, 6-O-trisulfated-chitosan 
Based on the information obtained from the itaconylation reaction of chitosan, the 
presence of free amino group appeared to be important for the preparation of 
itaconyl-sulfated-chitosan and therefore the synthetic pathway shown in scheme 4.3 
was developed.  Completely substituted N, 3, 6-O-trisulfated-chitosan lacks free 
amino groups to react with itaconic anhydride.  Therefore, partial N-desulfation 
using diluted hydrochloric acid at 100oC for 2.5h was performed to make available 
free amino groups [24].  The partially N-desulfated-sulfated-chitosan was 
subsequently reacted with itaconic anhydride under the same reaction conditions as 









































Scheme 4.3 Preliminary itaconylation reaction pathway for sulfated-chitosan 
 
The structure of partially N-desulfated-sulfated-chitosan was confirmed by 1H-NMR 
(Figure 4.8).  The NMR experiment was carried out at elevated temperature (353K) 
to resolve two types of H2.  The ratio of H2 at N-desulfated-sulfated-chitosan unit 
and N, 6-O-sulfated-chitosan unit estimated by their integration values was c.a. 1.89.  
It is interesting to note that O-desulfation also accompanied N-desulfation as the peak 


















Figure 4.8 1H-NMR spectrum of partially N-desulfated chitosan sulfate in D2O at 
353K 
 
Successful itaconylation of partially N-desulfated-sulfated-chitosan was confirmed by 
1H-NMR (Figure 4.9).  Again, the NMR experiment was conducted at elevated 
temperature to improve the resolution of the two types of H2.  The proton signals 
belonging to the itaconyl group were observed at 6.58, 6.13 and 3.92 ppm 

































































































































Figure 4.9 1H-NMR spectrum of itaconyl product of N-desulfated sulfated-chitosan 
in D2O at 353K 
 
The ratio of the H2NH2 to H2NHSO3Na increased to 2.07, compared to the initial ratio of 
1.89.  This unexpected increase had to be accounted for.  Based on the mechanism 
for the itaconylation of chitosan in Scheme 4.2, the free amino group should be 
converted to an amide group after itaconylation, causing the downfield shift of the 
proton peak of H2 and the subsequent decrease in intensity of H2NH2.  Therefore the 
ratio of H2NH2 to H2NHSO3Na should be decreased after itaconylation.  The 
disagreement between the predicted course of reaction to the result obtained suggest 
that the sulfoamino group may also participate in the reaction where sulfoamino group 
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itaconylation of fully substituted N, 3, 6-O-trisulfated-chitosan was carried out and 
the derivative characterized by 1H-NMR.  
 
The result from 1H-NMR evaluation of the product (Figure 4.10) supports this 
rationalization.  Itaconylation of N, 3, 6-O-trisulfated-chitosan (D.S. = 3.0) 
proceeded smoothly even without the availability of free amino groups.  The 
reaction mechanism for the itaconylation of N, 3, 6-O-trisulfated-chitosan was revised 
and presented as Scheme 4.4.  The sulfoamino group acts as the nucleophile to attack 






























































































Scheme 4.4 Revised itaconylation reaction mechanism for N, 
6-O-trisulfated-chitosan 
 









































C2&H2 of Sulfoamino 
C2&H2 of Sulfoamide 
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The conversion of sulfoamino group at C2 to sulfonamide group was verified by the 
change of chemical shifts observed in Figure 4.11. The C2 signal was found to be split 
into two peaks at 57.2 and 58.9 ppm respectively, corresponding to proton signals at 
4.0 ppm and 3.0 ppm respectively.  The C2* at 58.9 ppm was assigned as 
un-substituted C2 of the sulfated-chitosan unit, while C2 at 57.2 ppm was assigned as 
C2 of itaconyl- sulfated-chitosan unit.  The carbon signal of C2 shifted upfield while 
the proton signal of H2 shifted downfield c.a. 1.0 ppm after itaconylation.  
Incomplete itaconylation caused the noticeable structural heterogeneity of 











Figure 4.12 FT-IR spectrum of sulfated-chitosan and itaconyl-sulfated-chitosan 
 
The conversion of the sulfoamino group to the sulfoamide group was also confirmed 



























by FT-IR spectrum.  Figure 4.12 presents the spectra of sulfated-chitosan and 
itaconyl-sulfated-chitosan.  A single peak at 1640 cm-1 is present in the 
sulfated-chitosan spectrum that corresponds to the bending in plane (scissoring) of 
N-H (sulfoamino).  Due to the low D.A., there was no C=O stretching observed in 
the sulfated-chitosan spectrum. However, two peaks at 1654 and 1551 cm-1 were 
observed in the itaconyl-sulfated-chitosan spectrum corresponding to typical amide I 
and II absorbance. This change verified the conversion of the sulfoamino to the 
sulfonamide group.  
 
The degree of itaconyl substitution was estimated by the equation: 
D.S.= IHc=c/( IHc=c + IH2NHSO3Na) 
Where IHc=c represents the itaconyl group while IHc=c+IH2NHSO3Na represents the entire 
polymer chain. 
 
The relationship of the D.S. with the reaction conditions was also studied.  The 
concentration of itaconic anhydride proved to be important for obtaining a high D.S.  
Figure 4.13 shows the relationship of D.S. with concentration of itaconic anhydride at 
a reaction time of 3h.  The D.S. increased sharply from 9.8 to 33.7 when the ratio of 
itaconic anhydride increased from 0.2 to 3, while further increases of 5, 10 and 20 
fold of itaconic anhydride show a plateauing effect of the D.S.  
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Molar Ratio of Itaconic Anhydride to Sulfated-Chitosan
 
Figure 4.13 Relationship of the D.S. with ratio of itaconic anhydride to 
sulfated-chitosan (3h reaction) 
 
The effect of reaction time on D.S. was also studied.  Figure 4.14 indicates that the 
reaction proceeded fast in the initial first 1 to 2h.  The 1h and 2h reaction yields were 
33% and 39% of D.S. respectively.  Prolonged reaction time again led to a 
plateauing effect of the D.S. 
 
The results suggest that merely increasing the concentration of itaconic anhydride and 
reaction time would not lead to complete substituted itaconyl-sulfated-chitosan.  A 
possible explanation is that the itaconylation of sulfated-chitosan proceeds in an 
aqueous/methanol environment where the itaconic anhydride would be concurrently 
hydrolyzed by water, reducing the reactant availability.  Therefore, attempts to obtain 
100% substituted itaconyl-sulfated-chitosans would be hindered and unlikely to be 
successful merely by increasing the ratio of the anhydride, or the reaction time.   
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Figure 4.14 Relationship of D.S. with reaction time (Itaconic anhydride to 
chitosan ratio of 10:1) 
 
In an alternative approach to increase the D.S., the itaconylation was repeated on 
previously itaconyl-sulfated-chitosan.  Figure 4.15 presents the 1H-NMR spectrum 
of the itaconyl-sulfated-chitosan obtained by 5 times of repeat itaconylation.  In 
contrast to Figure 4.10, the H2NHSO3Na trends towards forming one peak with HCH2.  
The relative intensity of the H2NHSO3Na also decreased.  However, the interference of 
the two peaks made it difficult to calculate the D.S.  The NMR was therefore 
conducted at 363K to improve the resolution (not shown here).  While the first pass 
reaction gave a yield above 40% of D.S., subsequent itaconylation of previously 
obtained itaconyl-sulfated-chitosan did not proceed smoothly.  For the first two 
repeats, the D.S. increased by c.a. 10% each time.  Further itaconylation led to 
*** Current Data Parameters ***zy12201, itaconyl-chitosan sulfate
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decreased efficiency and attempts to synthesize completely substituted 











Figure 4.15 1H-NMR spectrum of itaconyl- sulfated-chitosan after 5 times reaction 
(D.S.≈ 76%) 
 
4.3.4 Swelling study of itaconyl-sulfated-chitosan hydrogel (ISC hydrogel) 
Itaconyl-sulfated-chitosan macromer was dissolved in deionized water, mixed with 
5% of photoinitiator and photocrosslinked at 365nm UV light for 30 min to yield ISC 
hydrogel.  The crosslink structure of ISC hydrogel was shown in Scheme 4.5. The 
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NaO3S NaO3S NaO3SR R R
SO3Na SO3Na SO3NaR R R
 
R: itaconyl group; : chitin backbone.  
Scheme 4.5 Proposed structure of crosslinked itaconyl-sulfated-chitosan 
 
The swelling ability in water is one of the most common and important property of 
hydrogels.  The swelling ability of a hydrogel is important for its biomedical and 
pharmaceutical applications because swelling ability is affected by several factors, 
such as the polymer character, crosslinking density of the polymeric network and the 
external environment (pH, temperature, etc).  
 
In this study, the swelling ratio (S.R.) was used to evaluate swelling ability of 
itaconyl-sulfated-chitosan hydrogel (ISC hydrogel) and defined as: 
S.R. = (Ws-Wd) /Wd 
Ws is the weight of swollen hydrogel and Wd is the weight of dry hydrogel (xerogel) 
 
The ultimate goal of this hydrogel was to be applied in blood-contacting material.  
Therefore, the swelling study was carried out at pH=7.4 (PBS) at 37oC, the pH and 
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temperature of healthy human blood.  The itaconyl-sulfated-chitosan hydrogel 
samples are abbreviated as Hydro10, Hydro18, Hydro33, Hydro 40 and Hydro 47 
where the degree of itaconylation of the itaconyl-sulfated-chitosan are with 0.10, 0.18, 
0.33, 0.40 and 0.47 of respectively.  
 
The effects of three parameters on the S.R. were examined.  The relationship of 
swelling time with S.R. (swelling kinetics) is presented in Figure 4.16.  The hydrogel 
prepared from itaconyl-sulfated-chitosan with low degree of itaconylation (10%) had 
a faster swelling rate than that prepared from itaconyl-sulfated-chitosan with a higher 
degree of itaconylation (40%).  The S.R. of Hydro10 at 30 min and 4h were 78% and 
91% of the equilibration S.R. value.  For Hydro40, only 68% and 82% of the 
equilibration SR was obtained for the same times.  Furthermore, Hydro10 reached 
equilibrium at 8h while Hydro40 took 12h.  The difference of the swelling rate was 
attributed to the different crosslinking density of the two hydrogels.  Hydro10 has a 
less compact structure due to the lower degree of itaconylation, therefore less 
crosslinking density giving a looser structure that facilitates a faster swelling of the 
hydrogel. 
 
The effects of two other parameters on S.R. were also examined, the concentration of 
the itaconyl-sulfated-chitosan solution and the degree of itaconylation.  Figure 4.17 
shows that for 2% to 5% of itaconyl-sulfated-chitosan solutions, similar S.R. (≈8.5) 
were obtained while a 1% itaconyl-sulfated-chitosan gave a hydrogel with a 
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noticeably high S.R.  The high S.R. was again attributed to the low crosslinking 


















Figure 4.17 Relationship of the S.R. to concentration of 
itaconyl-sulfated-chitosan (D.S. = 47%) 
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Another parameter examined was the degree of itaconylation.  The data in Figure 
4.18 shows that the S.R. decreased with increasing degree of itaconylation.  10%, 
18%, 33%, 40% and 47% degree of itaconylation corresponded to 23.16, 17.35, 14.74, 
12.81 and 8.47 S.R. respectively.  The higher the degree of itaconylation gives a 
more compact crosslinked polymer structure that in turn bestows a higher crosslink 
density.  The high density decreases the swelling ability of the hydrogel and 








Figure 4.18 Relationship of S.R. with degree of itaconylation (degree of sulfation: 
3.0, concentration of itaconyl-sulfated-chitosan: 2%) 
4.3.5 In vitro enzymatic degradation of itaconyl-sulfated-chitosan hydrogel 
One of the pre-requisites for materials used for long-term blood-contacting 
applications is that the materials must be resistant to enzymatic degradation in vivo.  
In this study, the in vitro degradation of itaconyl-sulfated-chitosan hydrogel by 
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Lysozyme was used in this study because it is well known that the N-acetyl-chitosan 











Figure 4.19 Weight of itaconyl-sulfated-chitosan hydrogels after 28 days storage 
in PBS at 37oC with 1.5 ug /ml lysozyme. 
 
The results of the biodegradation of itaconyl-sulfated-chitosan hydrogel are 
summarized in Figure 4.19 and 4.20.  The data in Figure 4.19 shows that with 
1.5ug/ml of lysozyme, corresponding to the concentration found in human serum, [28, 
29]
 weight loss for all hydrogels was less than 6% after 28 days of degradation.  To 
further verify the results, the same experiments were conducted in 150ug/ml of 
lysozyme, 100 times more concentrated than that in human serum.  The data in 
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the higher concentration of lysozyme after 28 days degradation.  Moreover, there 
was little difference between different hydrogels indicating that the crosslinking 








Figure 4.20 Weight of itaconyl-sulfated-chitosan hydrogels after 28 days storage 
in PBS at 37oC with 150 ug /ml lysozyme. 
 
The inertness of the itaconyl-sulfated-chitosan hydrogel to lysozyme can therefore be 
attributed mainly to the very low D.A. of chitosan.  It is known that lysozyme 
contains a hexametric binding site [26] and hexasaccharide sequences containing 3-4 or 
more acetylated units participate in the initial degradation of N-acetyl-chitosan [30].  
In this study, the starting material chitosan was N-deacetylated to a very low D.A. 
(<1%).  The eventual product, itaconyl-sulfated-chitosan therefore lacked the 
N-acetylated chitosan units to interact with lysozyme binding sites and this made the 
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In summary, the inertness of the itaconyl-sulfated-chitosan hydrogels makes it a 
suitable candidate for long-term applications such as blood contacting material.  
4.3.6 Anticoagulation evaluation of itaconyl-sulfated-chitosan 
Similar with sulfated-chitins, the anticoagulation activity of itaconyl-sulfated-chitosan 
was investigated by APTT, PT, FT and TT assays.  Again, the calibration curve 
representing the relationship of APTT/TT and heparin concentration obtained in the 
previous chapter was used.  
 


























Figure 4.21 Anticoagulation activity of itaconyl-sulfated-chitosan with different D.S. 
 
Figure 4.21 presents the anticoagulation activities of itaconyl-sulfated-chitosan with 
respect to TT and APTT assays.  Due to the low standard deviation (<2%), all the 
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results were presented as mean only.  The data suggests that the introduction of the 
itaconyl-group led to a noticeable enhancement of the anticoagulation activity of the 
itaconyl-sulfated-chitosan.  The anticoagulation activity of itaconyl-sulfated-chitosan 
with a D.S. = 40% was 203 and 160 IU/mg for TT and APTT respectively, a 3 and 2 
fold increase over that of sulfated-chitosan.  The increased anticoagulation activity 
could be explained by the fact that the introduction of the itaconyl group makes 
sulfated-chitosan more structurally similar to heparin and therefore has a stronger 






























































It is known that in the key sequence of heparin (Figure 4.22), the central fully-sulfated 
unit is critical for anticoagulation activity.  Removing this unit renders heparin 
completely inactive toward anticoagulation activity.  However, the neighboring units 
containing carboxylic acid groups are also important for heparin’s anticoagulation 
activity.  The removal of these neighboring units also causes heparin to partially lose 
its anticoagulation activity.  Similarly, the introduction of the itaconyl group will 
make the sulfated-chitosan more structurally similar with heparin (Figure 4.23).  The 
presence of the carboxylic acid group and sulfate groups might endow the 
itaconyl-sulfated-chitosan a better ability to interact with antithrombin III (ATIII), 
thereby decreasing thrombin activity.  Therefore, the doubling and tripling of the TT 
and APTT values were obtained.  
 
The data in Figure 4.21 also shows a trend of increasing anticoagulation activity up to 
40% D.S., afterwhich it decreases as the D.S. increases further (>40%). Invoking the 
above explanation, it is easy to rationalize this relationship. There must an optimal 
ratio of itaconyl-groups to sulfated-chitosan units where the itaconyl-sulfated-chitosan 
has the strongest affinity in its interaction with ATIII.  The data suggests that the 
peak of anticoagulation activity is around 40% D.S., i.e. the ratio of 
itaconyl-sulfated-chitosan unit to sulfated-chitosan units is around 3:2.  This is 
surprisingly analogous to the ratio of sulfate to carboxylic acid ratio in heparin.  The 
key sequence for itaconyl-sulfated-chitosan is proposed in Figure 4.24. 
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Finally, it is worth noting that the introduction of the itaconyl group had different 
effects on the APTT and TT test.  The TT test showed more responsiveness to the 
structural change, reflected by the dramatic change of anticoagulation activity with 
respect to TT.  This further supports our deduction that sulfate-itaconyl-chitosan is 







Figure 4.24 Proposed structure of critical sequence for itaconyl-sulfated-chitosan 
 
Itaconyl-sulfated-chitosan showed little effect on two other assays, PT and FT that is 
consistent with its heparinoid nature.  Only APTT and TT tests were applied in the 
following anticoagulation activity tests. 
 
4.3.7 Verification of the carboxylic group influence on anticoagulation activity 
To further substantiate the effect that the introduction of carboxylic acid groups 
increases the anticoagulation activity of sulfated-chitosan, three sulfated-chitosan 




































sulfated-chitosan i.e. via the acylation reaction.  Scheme 4.5 depicts the synthesis of 



































































The structures of succinyl-, glutaryl- and acetyl-sulfated-chitosans were verified by 
1H-NMR (Figure 4.25).  Again, the D.S. of the derivatives was controlled by varying 
concentrations of the anhydrides and reaction time.  A high D.S. was only obtained 
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Succinyl-chitosan sulfate 
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Figure 4.26 Anticoagulation activity of succinyl-, glutaryl- and acetyl-sulfated 
chitosans 
The anticoagulation activity of succinyl-, glutaryl- and acetyl-sulfated-chitosans was 
also screened using TT and APTT assays.  The data in Figure 4.26 indicates that 
succinyl-and glutaryl-sulfated-chitosans had marked increases of anticoagulation 
activity compared to sulfated-chitosan.  This further substantiates the proposal above 
that the presence of carboxylic groups is important for an increase in the 
anticoagulation activity.  Second, it was found that succinyl- and 
glutaryl-sulfated-chitosans showed the highest anticoagulation activity at D.S. of 40%, 
surprisingly consistent with the results obtained for itaconyl-sulfated-chitosan.  It is 
noteworthy that the present 210 IU/mg TT activity for 40% substituted 
succinyl-sulfated-chitosan is the highest anticoagulation activity reported to date to 
our knowledge for chitin and chitosan-based materials. 
 
In contrast to itaconyl, succinyl and glutaryl-sulfated-chitosans, the 
acetyl-sulfated-chitosan displayed a higher anticoagulant activity to sulfated-chitosan 
but lower compared to its three carboxylic group-containing analogs.  For 40% and 
62% substituted acetyl-sulfated-chitosan, the APTT anticoagulant activity was 
showed 123.1 and 140 IU/mg, while that of sulfated-chitosan was 88.7 IU/mg.  
However, acetyl-sulfated-chitosan’s anticoagulant activity with respect to the TT 
assay showed only a slight increase compared with sulfated-chitosan and was again 
markedly lower than that of other three carboxylic group-containing analogs.  The 
 178 
deviation of the acetyl-sulfated-chitosan was attributed to the fact that a 
non-carboxylic acid moiety was obtained compared to itaconyl-, succinyl- and 
glutaryl-sulfated-chitosans where a true carboxylic acid group that could be ionized is 
present.  This makes acetyl-sulfated-chitosan structurally less similar to heparin. 
 
4.3.8 Anticoagulation activity of itaconyl-sulfated-chitosan hydrogel (ISC 
hydrogel) 
The ISC hydrogels having been demonstrated to be resistant to biodegradation may be 
strong candidates for blood contact applications.  To assess whether the conversion 
of itaconyl-sulfated-chitosan into a hydrogel affects the anticoagulant property it was 
necessary to evaluate these hydrogels’ response to APTT and TT assays.  Since the 
ISC hydrogels are not soluble but only swell in water, modification to the assay was 
necessary.  Essentially, the automated coagulation analyzer method was abandoned 
and a manual procedure was adopted as depicted in Figure 4.27.  The ISC hydrogels 
of predefined size was first pre-incubated in 0.3 ml of citrated platelet poor human 
plasma (PPP) for 15 min at 37oC with gentle swirling.  The assay reagents were 





Figure 4.27 Schematic illustration of the assay procedure for anticoagulation activity 
PPP  PPP  
37oC, 15 mins 
PPP  Testing Reagents 
Anticoagulation assays 
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of ISC hydrogels 
 
A main factor to consider in the anticoagulation activity of the ISC hydrogels is their 
surface area because unlike their precursors, polymers are no longer in solution.  
Figure 4.28 shows the influence of the surface area (expressed in volume dimensions) 
on the clotting time for the ISC hydrogel-40.  As the surface area increased, the time 
to clot was prolonged.  This is a clear indication that crosslinking to form a hydrogel 
network in no way retards the antithrombogenic nature of the ISC hydrogel.  This 
means that the functional groups (i.e. sulfate and carboxylic groups) on the ISC 
hydrogels are not restricted in their interaction with antithrombin III (ATIII), and that 
the increased antihrombogenic activity is a function of amount of sites available on 
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anticoagulation activity 
Another important factor that may affect the anticoagulation activity of ISC hydrogel 
is the influence of the D.S. on itaconyl-sulfated-chitosan.  The relationship of the 
D.S. with anticoagulation activity is presented in Figure 4.29.  The ISC hydrogels 
with different D.S. use for the APTT and TT assays were of the same size 
(0.3cm×0.3cm×0.1cm).  The relationship of the D.S. with the anticoagulation 
activity was consistent with that of pre-crosslinked itaconyl-sulfated-chitosan.  In 
particular, the ISC Hydrogel-40 showed the highest anticoagulation activity, similar to 
its precursor.  This result suggests that the structure is the most important factor for 
anticoagulation activity of the ISC hydrogels.  This is in contrast to the Jozefonvic et 
al. who reported that the swelling ratio of crosslinked dextran-sulfate hydrogel was 
responsible for the increased anticoagulation activity.8  In this study, there was no 
clear dependence of anticoagulation activity of the ISC hydrogel to the swelling ratio.  
ISC Hydrogel-10, possessing the highest swelling ratio, showed the shortest clotting 
time.  The different nature of the two hydrogels possibly accounts for the difference 






























Figure 4.29 Relationship of the D.S. with anticoagulation activity for ISC hydrogels 
(0.3cm×0.3cm×0.1cm) 
4.3.9 Hydrogel coated polyacrylonitrile (PAN) film 
An effort to coat the hydrogel onto PAN film was also undertaken to investigate the 
possibility of another application of the hydrogel.  PAN is widely used in the 
biomedical applications in particular as a dialysis membrane for hemodialysis. As 
PAN is not hemocompatible, heparin is used systemically to inhibit the potential 
blood coagulation.  A number of attempts have been made to improve its 
hemocompatibility via the immobilization of heparin [32, 33]. 
 
In this study, PAN film coated by the itaconyl-sulfated-chitosan anticoagulant 
hydrogel was prepared to evaluate its anticoagulation activity.  Several drops of 
itaconyl-sulfated-chitosan solution (D.S. 40%, 2% w/v) containing 5% of 
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photoinitiator (w/w) were cast onto 0.3cm×0.3cm piece of PAN film followed by 
photocrosslinking with UV irradiation for 30 mins (Figure 4.30).  The modified PAN 





Fig 4.30 Preparation of ISC hydrogel-coated PAN film 
 
The successful coating of hydrogel onto PAN film was verified by SEM.  The PAN 
and modified PAN film was freeze-dried before SEM experiments.  Figures 4.31 and 
4.32 represent the SEM picture of PAN and hydrogel coated PAN films respectively. 
 
Figure 4.31 SEM picture of PAN film (×750) 





Figure 4.32 SEM picture of ISC hydrogel-coated PAN film (×500) 
 
In Figure 4.32, the porous structure on the modified PAN films verified the successful 
coating of the hydrogel.  The pore size of the coated hydrogel was c.a. 20 to 50 um 
and distributed in a non-uniform manner.  The anticoagulation activity of PAN and 
hydrogel-coated PAN film were evaluated using the same method for 
itaconyl-sulfated-chitosan hydrogel.  Figure 4.33 indicates that the blank PAN film 
did retard the anticoagulation time, while the PAN film coated with Hydro40 showed 
delay clotting time.  This portends the anticoagulation activity of hydrogel coated 
PAN film.  However, compared with itaconyl-sulfated-chitosan of the same size, the 
coated PAN film had lower anticoagulation activity.  A possible explanation is that 
only one side of the PAN film was coated by the hydrogel in this experiment and 












Figure 4.33 Anticoagulation activity assay of PAN and ISC hydrogel modified 
PAN film (0.3cm×0.3cm) 
4.4 Summary 
A novel chitosan-based photocrosslinable anticoagulant was synthesized via the 
itaconylation of sulfated-chitosan.  Fully sulfated-chitosan was prepared in DMAc 
by using sulfur-trioxide-pyridine complex as sulfating reagent.  The subsequent 
itaconylation of sulfated-chitosan was conducted in 1:1 methanol/water solution.  
The degree of itaconylation was affected mainly by the concentration of itaconic 
anhydride and reaction time.  The reaction was incomplete due to the incompatibility 
of the anhydride with water and repeated reactions were used to obtain products with 
a higher D.S.  The obtained itaconyl-sulfated-chitosan was further photo-crosslinked 
at 365nm UV.  The swelling ratio of the resultant hydrogel closely correlated with 
ISC Hydrogel coated  
PAN film 




























the D.S., the higher the D.S., the lower swelling ratio due to the more compact 
structure.  This hydrogel was also found to be enzymatic degradation resistant that is 
important for long-term blood-contacting application. 
 
The anticoagulation activity of itaconyl-sulfated-chitosan increased markedly 
compared to that of sulfated-chitosan.  A 40% substituted itaconyl-sulfate-chitosan 
was 3 and 2 fold of TT and APTT more active than the fully substituted 
sulfated-chitosan.  The increased anticoagulation activity was attributed to the 
introduction of the carboxylic group, verified with succinyl and glutaryl 
sulfated-chitosan.  All three synthesized anticoagulants all showed the peak activity 
at c.a. 40% of D.S.  This D.S.-activity relationship suggests that there should be a 
specific sequence that is critical for anticoagulation activity. 
The subsequent photocrosslinking of itaconyl-sulfated-chitosan yielded the 
corresponding anticoagulant hydrogel.  The itaconyl-sulfated-chitosan hydrogel 
showed an extent of anticoagulation activity with respect to APTT and TT, which was 
attributed to the antithrombogenic nature of the hydrogel.  The surface area and the 
degree of itaconylation were two main factors affecting the anticoagulation activity of 
the hydrogel. A thorough quantitative evaluation of anticoagulation activity awaits 
further elucidation of the anticoagulation activity.  The most important aspect of the 
mechanism is whether proteins in the plasma (e.g. thrombin and ATIII) interact with 
the hydrogel surface or the diffusion of proteins into the hydrogel with interaction 
occurring throughout the matrix.  Future research should focus on the study of 
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mechanism of anticoagulation activity and quantitative measurement of the 
anticoagulation activity of the hydrogel.  
 
Successful coating of the hydrogel onto PAN film was verified by SEM.  Compared 
with blank PAN film, hydrogel-coated PAN film showed an extent of anticoagulation 
activity, which was reflected by the prolonged APTT and TT time.  The quantitative 
measurement of anticoagulation activity of the hydrogel coated PAN film was not 
achieved.  Permeability test of the hydrogel coated PAN film should be elucidated in 
the future as it is important for the understanding of the feasibility of this method.  
Moreover, protein and platelet adhesion studies would be important for understanding 
the hemocompatibility of the modified PAN film. 
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Chapter 5 Conclusion 
 
5.1 Introduction 
Chitin is a very versatile and useful biopolymer whose promise in the past has been 
limited by its intractability.  Chemical derivatization has been a main approach to 
overcome chitin’s limitation by generating soluble derivatives.  Starting with 
heterogeneous reactions, chemical derivatization has generated many useful 
derivatives.  The exploration of chemical derivatization under homogeneous 
conditions was inevitable.  The main thrust of this thesis has been the elaboration of 
the chemical derivatization under homogeneous conditions.  This was embarked on 
to:  
1. Explore the chemical derivatizaiton of chitin where the reaction conditions are 
related to their product.  The result of such a study would be important to 
systematically define experimental parameters that influence the product outcome 
rendering chemical derivatization of chitin predictable.  
2. Investigate in detail, the systematic chemical derivatization of chitin under 
homogeneous conditions developed in part 1.  The reaction chosen was the 
sulfation of chitin as the derivative, sulfated-chitin, has great potential as an 
anticoagulant agent. 
3. Finally, as a direct consequence of the investigation into the reactions to produce 
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sulfated-chitin, an opportunity arose to develop a new chitin derivative, 
itaconyl-sulfated-chitosan that has a potential as a photocrosslinkable 
anticoagulant.  
 
5.2. Main research findings 
5.2.1 Chitin reactions under homogeneous conditions 
The exploration of the synthesis of C6-substituted chitin derivatives under 
homogeneous conditions began with the preparation of tosyl-chitin in 5% LiCl/DMAc 
solvent system, the active intermediate.  Tosylation was found to be regio-selective 
at the C6 position at 8oC.  Three new chitin derivatives, 6-O-ethylbenzoate-chitin, 
6-deoxy-diethylmalonate-chitin and 6-deoxy-diethylphosphite-chitin, were 
synthesized via SN2 reaction in DMAc using sodium salt of ethyl p-hydroxybenzoate, 
diethylmalonate and diethylphosphite as nucleophiles.  The reaction temperature, 
time and concentration of nucleophile were important criteria for complete 
substitution.  The resulting chitin derivatives showed improved solubility in DMAc 
and DMSO compared with chitin.  The further hydrolysis of 
6-O-ethylbenzoate-chitin and 6-deoxy-diethylmalonate-chitin with tert-butoxide in 
DMSO generated another two new derivatives, 6-O-carboxyphenyl-chitin and 
6-deoxy-di(carboxy)methyl-chitin, which showed good water solubility.  
 
In contrast to traditional heterogeneous method using alkali-chitin as precursor, 
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tosylation and further derivatization of chitin under homogeneous conditions showed 
better controllability, regio-selectivity and less structural degradation due to the mild 
conditions applied.  Moreover, some derivatives that cannot be prepared by 
heterogeneous method, can be prepared via this method.  It is therefore an important 
alternative for the preparation of chitin derivatives. 
 
5.2.2 Preparation of sulfated-chitins 
The systematic study of the sulfation of chitin in 5% of LiCl/DMAc solvent system is 
reported for the first time.  6-O-sulfated and 3, 6-O-disulfated-chitins with different 
D.S. were synthesized under varying temperature and sulfating reagent concentrations 
using sulfur trioxide-pyridine complex as sulfating reagent.  Temperature was found 
critical for controlling the regio-selectivity of sulfation.  At ambient or lower 
temperature, sulfation was specifically at C6, while at elevated temperatures, 
3,6-O-disulfated chitin was obtained.  
 
The anticoagulation activity of sulfated-chitins was evaluated by PT, APTT, TT and 
FT assays.  APTT and TT were prolonged by sulfated-chitins while PT and FT were 
little affected, verifying the heparinoid nature of sulfated-chitins.  The relationship of 
D.S. and anticoagulation activity of sulfated-chitins showed that a higher D.S. 
resulted in a higher anticoagulation activity.  For 3, 6-O-disulfated-chitin 
(D.S.=1.91), the anticoagulation activity was equivalent to 96% and 78% of heparin 
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activity with respect to APTT and TT.  In particular, there was a sharp increase of 
anticoagulation activity in the D.S. range of 1.5 suggesting that continuous 36S units 
were important for potent anticoagulation activity of sulfated-chitins. 
 
5.2.3 Preparation of itaconyl-sulfated-chitosan 
The final part of this research focused on the synthesis of a chitosan-based 
photocrosslinkable anticoagulant.  Three novel anticoagulants, itaconyl, succinyl and 
glutaryl-sulfated-chitosan, were synthesized for the first time.  All three 
anticoagulants displayed noticeable increases of anticoagulation activity compared to 
sulfated-chitosan.  In particular, at 40% substitution, succinyl-sulfated-chitosan 
showed 120% of heparin activity with respect to TT assay, which is the highest 
activity reported to date for the anticoagulants based on chitin and chitosan to our 
knowledge.  
 
The photocrosslinkable anticoagulant, itaconyl-sulfated-chitosan, was prepared via 
the itaconylation of sulfated-chitosan by itaconic anhydride.  The anticoagulation 
activity of itaconyl-sulfated-chitosan was markedly enhanced compared to 
sulfated-chitosan, attributed to the introduction of carboxylic acid groups.  Based on 
this speculation, two other novel anticoagulants-succinyl and 
glutaryl-sulfated-chitosan were synthesized via the same mechanism.  The 
anticoagulation activity of succinyl- and glutaryl- sulfated-chitosan was also 
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noticeably increased. 40% of substituted itaconyl, succinyl and 
glutaryl-sulfated-chitosan had the highest anticoagulation activity, which suggests that 
there was a critical sequence for anticoagulation activity.  This sequence remains to 
be elucidated.   
 
Itaconyl-sulfated-chitosan was photocrosslinked via UV irradiation to yield the 
itaconyl-sulfated-chitosan hydrogel and the anticoagulation activity evaluated by TT 
and APTT assays.  The hydrogels showed an extent of anticoagulation activity that 
was closely related to the degree of itaconylation and size of the hydrogel.  For the 
same volume of plasma, increasing the size of the hydrogel yielded a longer clotting 
time.  In addition, it was found that the higher the anticoagulant activity of the 
starting itaconyl-sulfated-chitosan, the higher the anticoagulant activity of the 
corresponding hydrogel.  
 
5.3 Future improvement on chitin and chitosan chemistry 
The suggestions for three parts of the thesis have been discussed in the summary parts 
of each chapter.  The following suggestions focus mainly on the overall study of 
chitin and chitosan.  
 
5.3.1 Two main issues hindering the application of chitin and chitosan 
Although chitin and chitosan have been extensively studied for several decades, their 
 196 
applications are comparatively slow.  Two main reasons might account for it: 
 
1. Like other natural polymers, chitin and chitosan possess structural non-uniformity 
and heterogeneity (e.g. wide distribution of molecular weight and variable degree 
of acetylation).  The non-uniform structure makes it difficult to unambiguously 
characterize the structures of chitin, chitosan and their derivatives, that is very 
important for commercial products.  
 
2. There is lack of agreement in the use of precise analytical methods for the 
characterization of chitin and its derivatives.  Although many techniques (e.g. IR, 
UV, elemental analysis, NMR and GPC) have been reported and widely applied in 
chitin and chitosan chemistry, their accuracy and reliability are somewhat 
questionable, especially when they are used for quantitative purpose.  The high 
molecular weight of chitin is the main factor for the poor accuracy and preciseness 
of testing methodology.  For example, the high molecular might prevent the 
complete combustion of chitin samples for elemental analysis and therefore give 
rise to the deviation of results.  Or, in NMR experiments, high molecular weight 
will increase the viscosity of samples and shorten the relaxation time (T2) of 
macromolecules that will compromise the resolution of NMR.  In GPC, the high 
viscosity caused by the high molecular weight always results in the internal 
column pressure fluctuating and therefore influences the retention time of the 
samples.  
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5.3.2 Possible resolution of the two issues 
To address the first issue, chitin and chitosan can be pre-treated to improve the 
structural homogeneity.  One important aspect that can cause structural heterogeneity 
is the molecular weight and its distribution.  For chitin, chemical or enzymatic 
hydrolysis can yield low and medium molecular weight products and decrease the 
polydispersity (P.D.).  The structural uniformity of chitin material will be 
accordingly improved.  One example was found in our study of sulfated-chitins.  
GPC profiles were used to evaluate the uniformity of products.  Figure 5.1a presents 
the GPC profile of sulfated-chitin derived from raw chitin material.  A high P.D. 











Figure 5.1 GPC profiles of HMW (a) and LMW-sulfated chitin in 0.333M 
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However, the sulfated-chitins derived from low molecular weight chitin prepared by 
hydrolysis of raw chitin, showed decreased molecular weight and P.D. (Figure 5.1b). 
This indicates that the controlled degradation of chitin can effectively increase the 
uniformity of chitin material.  The low molecular weight chitosan can be prepared by 
deacetylation of low molecular weight chitin. 
 
Another advantage of using low molecular weight chitin or chitosan is their improved 
solubility and lower viscosity.  After controlled degradation, inter and intra hydrogen 
bonding are partially eliminated and the solubility of chitin and its derivatives are 
greatly enhanced that is important for synthesis and mass production of chitin 
derivatives.  However, there is drawback of low molecular weight chitin and 
chitosan to consider.  The reduced molecular weight might compromise the 
mechanical properties of chitin and chitosan material.  Therefore, low molecular 
weight chitin and chitosan will be more suitable for those applications that will not 
require mechanical performance.  
 
Another important aspect that can cause structural heterogeneity is the degree of 
acetylation (D.A.).  Commercial chitin and chitosan materials are always not fully 
acetylated or deacetylated.  The residue of glucosamine or N-acetyl-glucosamine 
always causes structural non-uniformity.  Preparation of fully deacetylated chitosan 
can be simply achieved by repeated alkaline treatment at high temperature and the 
removal of the acetyl group can be conveniently verified by NMR.   
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In contrast to deacetylation of chitosan, the direct N-acetylation of chitin is not 
straightforward.  The main reason is that chitin is insoluble in common solvents and 
acetylation in organic solvents (e.g. methanol) proceeds quite sluggishly.  Although 
N-acetylation of chitin in 5% LiCl/DMAc system can proceed more smoothly, the 
accompanying O-acetylation might cause more complicated results.  Another 
pathway to prepare fully acetylated chitin was the acetylation of chitosan in methanol 
reported by Hirano [1].  However, the accompanying gel formation may hinder the 
further acetylation of chitosan and to date there is little verification that the structure 
of 100% acetylated chitin can be obtained by this method.  Therefore, the method of 
preparing fully N-acetylated chitin is still not available.  Further study should be 
focused on this aspect that is very important for the future study of chitin.  
 
For the second issue, the development of new analytical techniques should be 
important for improving the accuracy and preciseness of the analytical results.  
However it is beyond the range of this thesis and will not be discussed here.  
Another way to improve the accuracy of analytical methods can be achieved via the 
sample pretreatment, which has been discussed in the previous section.  
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Ac    Acetyl (CH3C=O) 
APTT   Activated partial thromboplastin time 
ATIII   Antithrombin III 
DMAc   N, N-dimethyl acetamide 
DMSO   Dimethyl sulfoxide 
DMF   N, N-dimethyl formamide 
D.A.   Degree of acetylation 
D.S.   Degree of substitution 
E.A.   Elemental analysis 
FTIR   Fourier transform infrared spectroscopy 
FT    Fibrinogen time 
GPC   Gel permeation chromatography 
HPLC   High performance liquid chromatography 
ISC    Itaconyl-sulfated-chitosan 
ICP    Inductively coupled plasma 
LiCl   Lithium chloride 
TT    Thrombin time 
t-BuOK   Potassium tert-butoxide 
Ts    p-toluenesulfonyl 
PAN   Polyacrylonitrile 
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P.D.   Polydispersity 
PT    Prothrombin time 
 
